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 Salmonella induces inflammatory diarrhea and epithelial invasion using a Type 
Three Secretion System (T3SS) encoded on Salmonella pathogenicity island 1 (SPI1). 
The SPI1 T3SS directly injects several effector proteins into host cytosols, resulting in 
host actin rearrangement and engulfment of the bacteria. HilA activates transcription of 
the SPI1 structural components and effector proteins. Three AraC-like regulators, HilD, 
HilC, and RtsA, form a feed-forward regulatory loop that activates transcription of hilA. 
Many environmental signals and regulatory systems are integrated into this circuit to 
precisely regulate SPI1 expression. Our previous genetic analyses suggest that many of 
these upstream regulatory inputs are fed into hilD or hilA at the level of translation, but 
the exact mechanisms are unknown. Through bioinformatic and genetic analyses, I 
identified a number of sRNAs that feed into hilD or hilA translation to contribute to SPI1 
expression. Among them, I demonstrate that two oxygen-dependent sRNAs, FnrS and 
ArcZ, repress hilD translation. Genetically, the sRNAs base pair with hilD mRNA to 
regulate translational inhibition, rather than to destabilize the mRNA. I suggest that the 
two oxygen-dependent sRNAs act to define an ‘oxygen window’ for optimal activation of 
SPI1 in the intestine. In vivo, deletion of the sRNAs showed altered invasion capacity in 
both SPI1-dependent and -independent manners. In a second study, I show that the 
sRNA, PinT, regulated by the PhoPQ two-component system, regulates both hilA and 
rtsA translation. PinT basepairs with hilA mRNA to repress its translation. PinT also 
directly interacts with 5’ UTR of rtsA transcript to cause both translational inhibition and 
degradation of the rts transcript. PinT regulates flhD expression by repressing crp 
expression, resulting in downregulation of HilD protein activity through FliZ. In addition 
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to the PhoP-mediated transcriptional repression of hilA expression, PinT acts to 
efficiently repress hilA expression at the posttranscriptional level through these multiple 
pathways.  This PinT-mediated regulation of SPI1 expression is important for shutting 
the system off when it is no longer required, such as in the intra-phagosomal 
environment. I observed fitness advantage conferred by deletion of pinT during systemic 
infection in mice, presumably due to the previously characterized regulatory effects on 
the SPI2 T3SS, induced when Salmonella is replicating in macrophages. I propose that 
the virulence function of PinT is to control the transition of virulence gene expression 
from invasion to systemic stages of infection by controlling expression of SPI1, SPI2 and 
flagellar genes. In a third study, I suggest that the sRNA InvR acts as a feedback 
regulator of hilA translation. HilD activates invR transcription, and InvR directly binds to 
the hilA 5’ UTR for translational inhibition of hilA. The InvR binding region on the 5’ 
UTR of hilA is far upstream from the ribosome binding site (RBS), and we assume that 
InvR binding at the 5’ UTR of hilA induces structural changes in the hilA UTR to form an 
inhibitory structure that leads to translational repression. I finally define several 
regulatory functions at the hilD 3’UTR. A sRNA SdsR increases expression of hilD 
expression via the 3’UTR. RNase E and ProQ also affect the hilD expression via the 3’ 
UTR. Deletion of the 3’ UTR increases the hilD expression, causing overactivation of the 
SPI1. I suggest that the hilD 3’ UTR functions as destabilizing element of the hilD 
mRNA. Although I identified several additional regulatory sRNAs that affect SPI1 
expression, some of them still are not fully characterized, and the exact regulatory role of 
the hilD 3’ UTR is not fully understood. However, this work provides a key insight into 
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Chapter 1: Introduction 
Overview of Salmonella pathogenesis 
Salmonella overview. Salmonella serovars are motile, Gram negative pathogens 
that cause enteric diseases such as gastroenteritis, bacteremia, enteric fevers and focal 
infections in a variety of hosts (Galán & Curtiss, 1989, Small et al., 1994, Galán & 
Collmer, 1999, Vazquez-Torres et al., 1999, Zhou et al., 1999, Galan, 2001, Ohl & 
Miller, 2001). Salmonella causes about 1.2 million illnesses, 23,000 hospitalizations, and 
450 deaths in the US every year, and serovars Typhimurium and Enteriditis are the two 
most prevalent agents for these incidents (Scallan et al., 2011, Crump et al., 2015). 
Serovar Typhimurium causes self-limiting gastroenteritis in humans and typhoid(enteric)-
like symptom in mice model (Ohl & Miller, 2001, LaRock et al., 2015). Versatile genetic 
manipulation of Salmonella Typhimurium also enables for many research groups to study 
the fundamental principles of Salmonella pathogenesis (Maloy et al., 1996). This thesis 
work is largely focused on how Salmonella Typhimurium senses the environmental cues 
and regulates expression of virulence factors for invasion. 
 
Course of Salmonella infection. Salmonella is typically ingested via 
contaminated food or water (Coburn et al., 2007, Crump et al., 2015). Salmonella then 
encounters the acidic host stomach and the complex environments in the GI tract 
(Alvarez-Ordonez et al., 2011, Waterman & Small, 1998). Salmonella experiences 
various inhibitory and stimulatory signals in the intestinal environment. At the Peyer’s 
patch, Salmonella invades into underlying lymph tissue through the phagocytic M cells or 
non-phagocytic epithelial cells using a type three secretion system (T3SS) encoded on 
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Salmonella pathogenicity island 1 (SPI1) (Penheiter et al., 1997, Lhocine et al., 2015, 
Savidge et al., 1991, Clark et al., 1994). The SPI1 T3SS injectosome directly introduces a 
series of effector proteins into the host cell cytosol. The injection of the effector proteins 
changes host signal transduction, resulting in host actin rearrangement and ultimately 
engulfment of the bacterium (Lhocine et al., 2015, Galán & Collmer, 1999, Penheiter et 
al., 1997, Ellermeier & Slauch, 2007). After invasion, Salmonella can survive and 
replicate inside the Peyer’s Patch and other cellular compartments such as macrophages, 
and is disseminated into other organs such as liver, spleen, and bone marrow. The SPI1 
T3SS is no longer required at this stage, and other virulence factors including a second 
T3SS encoded on Salmonella pathogenicity island 2 (SPI2), SodCI and the PhoPQ two-
component system are critical to survive and replicate in macrophages (McGhie et al., 
2009, Ibarra & Steele-Mortimer, 2009, Schlumberger & Hardt, 2006). Therefore, in the 
process of invasion and dissemination, Salmonella needs to regulate different sets of 
virulence factors in response to different environmental exposures (McGhie et al., 2009, 
Ibarra & Steele-Mortimer, 2009, Eichelberg & Galan, 1999, Ellermeier & Slauch, 2007, 
Jones, 2005).  
 Salmonella invasion into host epithelial cells is predominantly via a SPI1 T3SS-
dependent mechanism (Vazquez-Torres et al., 1999, Sansonetti, 2004, Hu et al., 2008). 
However, the two clinical isolates of Salmonella enterica serovar Senftenberg lacking the 
SPI1 are identified, but the invasion ability of the isolates are not as evident as the 
laboratory-passaged Salmonella enterica strain (Hu et al., 2008). One of the possible 
mechanisms is mediated by dendritic cells, but this is a passive engulfment (Swart & 
Hensel, 2012, Sansonetti, 2004). 
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Salmonella pathogenicity island 1(SPI1) 
Discovery of SPI1 locus as a novel virulence factor. The SPI1 locus is a 
horizontally acquired 40 kb island of Salmonella specific DNA (Mills et al., 1995). The 
acquisition of the SPI1 locus is an early event defining the divergence of Salmonella and 
E. coli lineages (Baumler et al., 1998, Baumler, 1997, Mills et al., 1995). Thus, the SPI1 
locus is present in all phylogenetic lineages of the genus Salmonella, but absent in E. coli 
and other related organisms (Mills et al., 1995, Groisman & Ochman, 1996, Baumler et 
al., 1998, Baumler, 1997). The possible mechanisms of acquisition of the SPI1 locus is 
presumably accomplished by plasmid- or phage- mediated horizontal gene transfer 
(Baumler et al., 1998, Baumler, 1997). Although the origin of the SPI1 locus is not 
evident, there are both similarities and differences with T3SS loci found in other enteric 
pathogens. The inv and spa genes between Salmonella and other Gram-negative enteric 
pathogens such as Shigella, for example, are similar (Maurelli, 1994, Ginocchio et al., 
1994, Eichelberg et al., 1994, Groisman & Ochman, 1996). The loci in Salmonella and 
Shigella are independently acquired and are suggested as a xenolog rather than a 
homolog (Groisman & Ochman, 1993). There are also differences among Gram-negative 
pathogens such as ipa of Shigella, which has not been found in Salmonella (Venkatesan 
et al., 1992, Groisman & Ochman, 1993). Further analysis of the SPI1 locus and other 
pathogenicity islands among enteric pathogens reveals how these enteric pathogens 
acquired the foreign genomic islands. 
 
 4 
SPI1 Injectosome and Effectors. The regulatory circuit controlling the SPI1 
T3SS activates expression of both structural components and effector proteins (Galan et 
al., 2014, Ellermeier & Slauch, 2007, Galan, 2001, Golubeva et al., 2012, Kimbrough & 
Miller, 2002). There are three steps for the export/assembly of the injectosome and 
secretion of the effector proteins (Galan, 2001, Galan et al., 2014, Galan & Waksman, 
2018). First, the Sec-dependent export of the export apparatus and inner/outer ring 
components enable assembly between them, followed by recruitment of cytoplasmic 
components such as sorting platform. After the formation of the intermediate complex, 
the inner rod and needle apparatus are assembled to form the needle complex. Finally, 
when there is appropriate contact to the host cell with the translocase at the tip of the 
needle, the effector proteins are translocated/secreted into the host cytosol, leading to 
downstream events of invasion. Both the structural and the effector proteins for the SPI1 
T3SS are listed in Table 1.1 and 1.2. The secretion of the effector proteins leads to 1) 
actin rearrangement in the host cell, resulting in the engulfment of the bacterium, 2) 
survival/replication in within host cytosol by modulating the host signaling pathways and 
3) ultimately dissemination to other organs, causing serious symptoms such as bacteremia 










SPI1 T3SS Proposed function 
InvG Needle complex outer rings 
PrgH Needle complex outer rings 
PrgK Needle complex outer rings 
SpaP Export apparatus (Protein Channel?) 
SpaQ Export apparatus (Protein Channel?) 
SpaR Export apparatus (Protein Channel?) 
SprS Export apparatus; substrate switching 
InvA Export apparatus (Protein Channel?) 
OrgA Cytoplasmic sorting platform 
SpaO Cytoplasmic sorting platform 
OrgB Links ATPase to sorting platform (?) 
InvC ATPase 
InvI Cytoplasmic component; function unknown 
PrgI Needle filament component 
PrgJ Inner rod component 
InvJ Inner rod assembly; substrate switching 
SipD Tip complex; translocase deployment 
SipB Effector translocase 
SipC Effector translocase 
InvH Pilotin (assembly of outer rings) 
InvE Controls translocase secretion 
Table 1.1. SPI1 type III secretion components and their proposed function. The table 






Figure 1.1. Current model of the structure of the SPI1 T3SS injectosome from high-
throughput cryo-electron tomography and in situ modelling, the figure is adapted 
from (Hu et al., 2017). Side A., cut-through B., top C., and bottom D. views the intact 
SPI1 T3SS injectosome structure. The outer membrane (OM), inner membrane (IM), and 
peptidoglycan (PG) of the bacterial envelope are indicated. Each of the SPI1 T3SS 




Secreted Protein Proposed function 
SipA 
Binds atin, diminishes its critical concentration, stabilizes F-actin and 
increases the bundling activity of T-plastin 
Alternative function: stimulation of PMN transmigration 
SipB 
Effector translocase 
Alternative function: binding and activation of caspase 1 
SipC 
Effector translocase 
Alternative function: actin nucleation and bundling 
SptP 
Amino terminus: GTPase activating protein activity towards Cdc42 and 
Rac; carboxy terminus: tyrosine phosphatase activity 
Reverses cellular changes stimulated by other Salmonella effectors 
AvrA 
Suppress JNK signaling pathway to prevent macrophage death and rapid 
Salmonella dissemination 
SopE Exchange factor for Cdc42 and Rac; stimulates actin cytoskeleton 
rearrangements and nuclear responses 
SopE2 
Exchange factor for Cdc42 and Rac; stimulates actin cytoskeleton 
rearrangements and nuclear responses; ∼70% sequence similarity to SopE 
Phage originated effector gene 
SopA Stimulates PMN transmigration; HECT-type E3 ligase, targeting two host 
TRIM E3 ligase 
SopB Inositol phosphatase; stimulates actin cytoskeleton reorganization, nuclear 
responses and chloride secretion 
SopD 
Promotes fluid accumulation in an intestinal loop model of infection; 
membrane fission and macropinosome formation, acts cooperatively with 
SopB 
SopD2 GAP acitivity toward Rab32, restricts Rab32-dependent mechanism 
GtgE Proteolytic function to Rab32, restricts Rab32-dependent mechanism 
SlrP E3 ubiquitin ligase for mammalian thioredoxin 
SspH1 
E3 ubiquitin-protein ligase, Inhibition of NF-kB signaling pathway via 
interaction with PKN1(serine/threonine protein kinase1), S-palmitoylated 
by host-cell palmitoyltransfereases 
SspH2 
E3 ubiquitin-protein ligase, modulating SGT1 (NLR co-chaperone 
function in innate immunity), S-palmitoylated by host-cell 
palmitoyltransfereases 
Table 1.2. Salmonella effector proteins and functions (Hicks et al., 2011, Kamanova et 
al., 2016, Spano et al., 2016, Wu et al., 2012, Haraga & Miller, 2006, Bernal-Bayard & 
Ramos-Morales, 2009, Bhavsar et al., 2013, Galan, 2001, Bakowski et al., 2007). 
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The regulation of the SPI1 T3SS 
HilA and InvF as master regulators of the SPI1 apparatus and effectors. 
Understanding how expression of virulence genes is regulated in response to the 
environmental changes, and how these virulence factors manipulate host environments 
are equally important to fully comprehend bacterial pathogenesis (Ellermeier & Slauch, 
2007, Galan, 2001). Production of the SPI1 T3SS is tightly regulated in response to 
numerous environmental cues (Golubeva et al., 2012, Ellermeier & Slauch, 2007, Jones, 
2005). The expression of the SPI1 T3SS structural genes is dependent on the 
transcriptional activator HilA (hyperinvasion locus A), encoded within the SPI1 locus. 
HilA contains an OmpR/ToxR-like DNA binding domain at its N-terminus and directly 
activates the SPI1 operons prg/org and inv/spa (Eichelberg & Galan, 1999, Darwin & 
Miller, 1999, Bajaj et al., 1996, Bajaj et al., 1995). InvF is the first gene product in the 
inv/spa operon and activates the expression of the secreted effector protein in both the 
SPI1 (sic/sip operon) and elsewhere in the chromosome (SopE and SopB) in complex 
with the chaperone SicA (Darwin & Miller, 2001, Darwin & Miller, 2000).  
The transcription of hilA is activated by three AraC-like transcription factors, 
HilD, HilC, and RtsA (Ellermeier et al., 2005). The genes encoding HilC and HilD are 
located in the SPI1 locus, and RtsA is the first gene of the rts operon in a 15 kb 
Salmonella specific insert located near tRNAPheU (Ellermeier & Slauch, 2003, Hansen-
Wester & Hensel, 2002). HilD and HilC(SirC/SprA) have been identified as 
“derepressors” of hilA activation by counteracting to repressor H-NS (Schechter et al., 
1999, Schechter & Lee, 2001). RtsA also functions as major activator of hilA expression 
(Ellermeier & Slauch, 2003). All three regulators directly bind the promoter of hilA to 
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activate its transcription. In addition, HilD, HilC, and RtsA each activate their own 
transcription and the transcription of each other, forming a complex feed-forward 
regulatory loop (Ellermeier et al., 2005, Olekhnovich & Kadner, 2007, Olekhnovich & 
Kadner, 2006, Olekhnovich & Kadner, 2002).  
A substantial number of environmental signals and regulatory systems affect SPI1 
expression (see table 1.3) (Golubeva et al., 2012, Ellermeier & Slauch, 2007, Jones, 
2005). From intensive genetic analyses and global transcriptomic profiling under 
infection relevant growth conditions, it is evident that Salmonella activates the expression 
of the SPI1 T3SS at the appropriate time and place within the host (Ellermeier & Slauch, 
2007, Golubeva et al., 2012, Saini et al., 2010a). A large number of regulatory factors 
and environmental signals are integrated at the level of HilD, or HilA directly. In our 
current model of the SPI1 regulation, HilD is the signal integrator of upstream signals, 
and the major activator for hilA expression (Ellermeier & Slauch, 2007, Golubeva et al., 
2012, Saini et al., 2010a). Both the expression and the activity of HilD are tightly 
regulated by numerous regulators (Golubeva et al., 2012). Within the feed-forward loop, 
HilC and RtsA act as amplifiers to activate hilA expression rapidly in the appropriate 





Figure 1.2. The SPI1 locus and rtsA operon located on a tRNA-PheR associated 
genomic island. A. The figure is adapted from (Ellermeier & Slauch, 2007, Lostroh & Lee, 
2001). SPI1 regulatory genes are indicated in red, injectosome needle components are blue, 
translocon components are in green, chaperone genes are in purpleSPI1 effectors are in 
yellow. Unknown genes are in white. Lines between capitals limit gene names (i.e. A with 
avr represents avrA). Arrows define transcribed region of the gene names. Four sRNAs are 
also indicated with small arrows with the sRNA names. The original figure is adapted from 
(Hansen-Wester & Hensel, 2002, Kroger et al., 2013, Ellermeier & Slauch, 2007). 
B. rts operon and pinT loci. The genomic island containing rts operon and pinT loci is 
located 15-kb island inserted near the tRNA-PheR gene (Ellermeier & Slauch, 2003, 





Figure 1.3. Current regulatory model of the SPI1 T3SS by the key regulators. Other 
regulators and their functions are listed in Table 1.3. Simplified model of the SPI1 T3SS 
regulatory circuit. Blue lines indicate transcriptional regulation, green lines indicate 
regulation of HilD at the protein level and red lines indicate regulation of hilD translation. 
Dotted lines indicate that the exact mechanism of regulation is not known and is likely 
indirect. Regulatory genes in the box include global regulators that affect all promoters in 
the feed-forward loop.  
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Regulators of HilA, Global regulators to the entire system. Numerous global 
regulators and environmental factors affect the key regulators of the SPI1 regulatory 
circuit through various mechanisms (Golubeva et al., 2012, Lim et al., 2007, Ellermeier 
& Slauch, 2007). In table 1.3, all direct or indirect regulators that feed into the SPI1 T3SS 
regulatory circuit are listed with their regulatory mechanisms, if known. Several specific 
regulators are discussed below. 
Fnr (fumarate and nitrate reductase regulatory protein) and ArcAB two-
component system, as oxygen-related global regulator of physiology and virulence of 
Salmonella. Oxygen is one of the key environmental signals to control the expression of 
the SPI1 T3SS (Bajaj et al., 1996, Lostroh & Lee, 2001, Schiemann & Shope, 1991, 
Ernst et al., 1990, Lee & Falkow, 1990). Fnr and the ArcAB two-component system are 
global transcriptional regulators responding for the transition from aerobic to anaerobic 
environments (Becker et al., 1996, Gunsalus & Park, 1994, Iuchi & Weiner, 1996). Fnr is 
directly inactivated by oxygen via oxidation of its 4Fe-4S cluster (Khoroshilova et al., 
1997, Unden & Trageser, 1991, Unden & Schirawski, 1997). Fnr is known to affect 
expression of the SPI1 T3SS (Fink et al., 2007, Golubeva et al., 2012). Our previous data 
suggest that Fnr negatively regulates SPI1 by repressing hilA expression, but the 
mechanism is unclear (Golubeva et al., 2012). In the mouse model, fnr mutants show a 
mild loss of virulence (Craig et al., 2013).  
The activity of the ArcAB two-component system is influenced by oxygen 
availability (Lu et al., 2002, Georgellis et al., 2001). ArcB is a histidine sensor kinase, 
and controls the phosphorylation of ArcA, the response regulator. ArcB activity responds 
to the oxidation state of the quinone pool of the respiratory chain, thus acting as an 
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indirect oxygen sensor (Bauer et al., 1999). ArcB phosphorylates ArcA under anaerobic 
conditions and dephosphorylates ArcA-P under aerobic conditions. ArcA-P controls 
expression of various genes including some involved in aerobic metabolism (Boulette & 
Payne, 2007, Evans et al., 2011, Goh et al., 2005, Gunsalus & Park, 1994, Rolfe et al., 
2011, Troxell & Hassan, 2016). ArcA also affects hilA expression under aerobic growth 
conditions, but the mechanism is unclear (Lim et al., 2013). Recently, The ArcAB system 
was reported to control hilD transcription through activation of LoiA, a LysR type 
regulator encoded in SPI14 that presumably binds directly to the hilD promoter or affects 
the stability of the HilD protein by Lon (Jiang et al., 2017, Jiang et al., 2019). Despite 
several links between oxygen sensing and regulation of SPI1 gene expression, the overall 
mechanisms of oxygen-mediated control of SPI1 remain enigmatic.  
Fnr represses hilA expression independently of HilD (Golubeva et al., 2012). Fnr 
is likely attributed to the pleiotropic effects of the fnr deletion (Fink et al., 2007). Fnr 
controls a large number of genes in anaerobic conditions, so the loss of Fnr could 
potentially affect SPI1 through more than one mechanism. ArcA also showed positive 
regulation depending on growth phase or oxygen availability (Lim et al., 2013). It is also 
suggested that oxygen-dependent regulation by ArcA affect hilD expression (Lim et al., 
2013). In chapter 3, we show oxygen-dependent regulation of hilD translation by two 
small RNAs (sRNA) controlled by Fnr and the ArcAB two-component system.  
Osmolarity. Osmolarity is also one of the key environmental signals to control 
the expression of the SPI1 T3SS (Tartera & Metcalf, 1993). SPI1 is induced from the low 
osmotic condition to the high osmotic condition in vitro (Tartera & Metcalf, 1993). It has 
been suggested that DNA supercoiling due to the change of the osmolarity attributes the 
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expression of the SPI1 (Galan & Curtiss, 1990). It is also reported that the the osmolarity-
mediated regulation of the SPI1 T3SS is not EnvZ/OmpR dependent, but SirA/BarA 
dependent (Mizusaki et al., 2008). More study regarding the osmolarity-related 
regulation of the SPI1 T3SS is required. 
ppGpp, a bacterial signaling molecule for stringent response and 
pathogenesis. ppGpp (guanosine penta or tetraphosphate) is a bacterial signaling 
molecule that affects RNA synthesis during the stringent stress response (Potrykus & 
Cashel, 2008, Ross et al., 2013). SpoT is responsible for maintaining the level of the 
ppGpp during the stringent response, and RelA synthesizes and degrades the molecule 
(Ross et al., 2013, Potrykus & Cashel, 2008). ppGpp rewires bacterial physiology under 
stress or nutrient limiting conditions, but also affects bacterial virulence (Dalebroux et 
al., 2010, Potrykus & Cashel, 2008). In Salmonella, deletion of both spoT and relA 
severely attenuated the invasion ability in vivo and in vitro (Golubeva et al., 2012, 
Pizarro-Cerda & Tedin, 2004, Thompson et al., 2006). This is due to dramatic decrease of 
hilA expression, causing loss of the functional SPI1 T3SS apparatus and effectors 
(Pizarro-Cerda & Tedin, 2004, Thompson et al., 2006).  The expression of hilD, hilC, 
and rtsA is also reduced in DrelA/DspoT background (Song et al., 2004, Song et al., 
2010). It seems that none of the known major repressors of the SPI1 including PhoPQ, 
HilE, RpoS and Hha is mediating the ppGpp regulation of SPI1. Our genetic analyses 
suggest that the ppGpp feed into SPI1 regulation at both HilD-dependent and HilD-
independent pathways or through all three promoters of the feed-forward loop (Golubeva 
et al., 2012).  
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Regulation of hilD transcription, translation and the protein activity 
Two-component system; EnvZ/OmpR, PhoP/PhoQ and SirA/BarA. Several 
two-component systems, such as EnvZ/OmpR and PhoPQ, affect SPI1 expression 
(Ellermeier & Slauch, 2007, Golubeva et al., 2012, Palmer et al., 2019). EnvZ/OmpR is a 
two-component system that responds to environmental osmolarity and regulates outer 
membrane porins (ompF and ompC) and various virulence genes (Lucas & Lee, 2001, 
Slauch & Silhavy, 1989, Chakraborty & Kenney, 2018, Ellermeier et al., 2005). Our data 
suggest that OmpR, the cognate response regulator, affects hilA expression in a HilD-
dependent manner, suggesting that OmpR regulates the activity of HilD (Ellermeier et 
al., 2005, Lucas & Lee, 2001, Golubeva et al., 2012). The PhoPQ two-component system 
also affects the SPI1 system via multiple (Palmer et al., 2019). The SirA/BarA two-
component system regulates hilD translation via the Csr (carbon storage regulator) 
system (Martinez et al., 2011, Lawhon et al., 2002). SirA/BarA two-component system is 
activated in response to bile, CRP and acetate (by increasing the level of acetyl-phosphate 
in ack/pta dependent manner) (Lawhon et al., 2002, Martinez et al., 2011, Prouty & 
Gunn, 2000). SirA/BarA directly increases the level of CsrB/C to sequester CsrA, 
resulting in less binding of CsrA at hilD mRNA (Martinez et al., 2011).  
HilE, a major negative regulator of HilD protein activity. HilE is a negative 
regulator of HilD protein; deletion of hilE increases hilA expression (Golubeva et al., 
2012, Grenz et al., 2018, Paredes-Amaya et al., 2018, Baxter et al., 2003). FimZ and 
FimY affect the level of hilE expression and PhoBR and PhoPQ two-component system 
and seem to regulate the SPI1 via regulating fimZY expression (Baxter & Jones, 2005, 
Baxter & Jones, 2015). Also, it was reported that Mlc activates SPI1 by repressing hilE 
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expression (Lim et al., 2007). It has been shown that HilE interacts with HilD protein by 
genetic and biochemical analyses (Baxter et al., 2003, Grenz et al., 2018, Paredes-Amaya 
et al., 2018) and this interaction blocks the DNA binding activity of HilD protein. HilE 
functions to restrict premature activation of the SPI1 by lowering the activity of HilD 
protein (Grenz et al., 2018, Paredes-Amaya et al., 2018). 
Intestinal fatty acid and fatty acid degradation pathway (Fad). Intestinal long 
chain fatty acids (LCFA) and short chain fatty acids (SCFA) are also crucial 
environmental cues for the SPI1 regulation (Golubeva et al., 2016, Lawhon et al., 2002, 
Martinez et al., 2011, Gantois et al., 2006, Bronner et al., 2018).  LCFA repress hilA 
expression by directly binding to HilD to blocking the DNA binding of HilD (Golubeva 
et al., 2016). Butyrate downregulates hilA expression presumably independently of HilD 
(the mechanism is not known) (Gantois et al., 2006). Propionate represses hilA 
expression via HilD protein through propionyl-CoA (Hung et al., 2013). Both butyrate 
and propionate are accumulated in the cecum, where the SPI1 expression is repressed 
(Bronner et al., 2018, Rivera-Chavez et al., 2016, Gantois et al., 2006, Lawhon et al., 
2002, Hung et al., 2013).  LCFA level decreases at the distal ileum as they are absorbed 
all the way through the small intestine (Jones, 2005, Iqbal & Hussain, 2009, Watkins, 
1985). In contrast, acetate and formate are abundant in the distal ileum, and the different 
LCFA and SCFA level ultimately define SPI1 T3SS activation at the distal ileum (Garner 
et al., 2009, Golubeva et al., 2016, Watkins, 1985).  
FliZ, a positive posttranslational regulator of HilD. FliZ is encoded in the fliA 
operon and activates the class II flagellar genes by repressing expression of YdiV, which 
binds and represses the promoter of flhDC, encoding the master regulator of flagellar 
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genes  (Ikebe et al., 1999, Wada et al., 2011). FliZ also acts as a kinetic switch that 
contributes to the expression of flagellar gene heterogeneously (Saini et al., 2010b). In 
terms of the FliZ-mediated regulation of the SPI1 T3SS, FliZ affects the activity of HilD 
protein (Chubiz et al., 2010). Although this is apparently indirect, the status of 
periplasmic disulfide bonds that is mediated by DsbA feeds into the SPI1 circuit via the 
Rcs two-component system and FliZ (Lin et al., 2008). The Rcs component system also 
represses the expression of the flagellar genes by interacting with the flhDC promoter 
(Francez-Charlot et al., 2003, Lin et al., 2008). It is unclear how FliZ controls HilD 
protein activity; presumably it is through an intermediate regulator (Lin et al., 2008). 
Fur-mediated regulation of hilD autoactivation. Fur (Ferric uptake regulator) 
also activates hilA expression via regulating hilD expression. It seems that Fur acts at the 
promoter region of hilD and requires HilD protein. H-NS (Histone-like nucleoid protein) 
and Hha act as global repressors of the SPI1 locus. H-NS has a crucial role in the 
regulation of horizontally acquired gene segments (Navarre et al., 2007, Navarre et al., 
2006, Madrid et al., 2007). H-NS and Hha preferentially coat DNA regions with low GC 
content (Kimura et al., 2016, Olekhnovich & Kadner, 2007, Navarre et al., 2006, 
Lucchini et al., 2006, Navarre et al., 2007). It appears that Fur activates hilA expression 
by partially derepressing H-NS (Troxell et al., 2011b). It was also proposed that Fur 
directly binds at the promoter of hilD (Teixido et al., 2011). Thus, we suggest that Fur 
activates hilD autoactivation via interacting with either H-NS or hilD promoter region, 
lowering the threshold of HilD required for hilA activation.  
Regulation of hilD translation at 5’ and 3’ UTR (Untranslated region). The 
hilD mRNA contains a 35 nt 5’ UTR and a 309 nt long 3’ UTR (Lopez-Garrido et al., 
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2014, Golubeva et al., 2012). Many indirect regulators control hilD expression at the 
level of mRNA, the mechanisms are still unclear (Golubeva et al., 2012). For example, 
CsrA binds near the AUG start codon of the hilD mRNA (Martinez et al., 2011). The 
recent discovery of a long 3’ UTR suggests more complicated regulation (El Mouali et 
al., 2018, Gaviria-Cantin et al., 2017, Lopez-Garrido et al., 2014). Deletion of the 3’ 
UTR increases the level of hilD mRNA and causes the overactivation of SPI1 and confers 
a growth defect (unpublished data). The stability of hilD mRNA is affected by RNase E 
and polynucleotide phosphorylase, principal components of the RNA degradosome 
(Carpousis, 2007, Bandyra et al., 2013, Lopez-Garrido et al., 2014). The Gre factors, 
interacting with RNA polymerase to prevent backtracking of paused RNA polymerase 
complexes (Washburn & Gottesman, 2015, Borukhov et al., 2005, Gaviria-Cantin et al., 
2017), also affects the stability of hilD mRNA in a 3’UTR-dependent manner (Gaviria-
Cantin et al., 2017). The sRNA Spot42 stabilizes the hilD mRNA via the 3’ UTR (El 
Mouali et al., 2018).  
Trk is a low-affinity, rapid K+ transporter that functions at neutral or alkaline pH 
(Epstein, 2003). It has been shown that Trk and external K+ regulate hilD translation 
positively, yet the mechanism is unclear (Su et al., 2009, Golubeva et al., 2012). BamB, a 
subunit of the b-barrel assembly complex, also affects hilD translation seemingly not 
through RpoE, but rather than Rcs two-component system (Fardini et al., 2007, Golubeva 
et al., 2012) (Palmer, Unpublished data). Dam, adenine methylase, also activates hilD 
translation via repressing the std genes in fimbrial operon (Balbontin et al., 2006, López-
Garrido & Casadesús, 2012, López-Garrido & Casadesús, 2010). These regulators 
seemingly feed into the system via hilD translation (Golubeva et al., 2012). 
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Bacterial heterogeneity. Most of microbial communities are composed of 
diverse organisms all contributing to phenotypic diversity, but phenotypic heterogeneity 
of a given isogenic bacterial population is also crucial (Veening et al., 2008, Sanchez-
Romero & Casadesus, 2018, Casadesus & Low, 2013, Ackermann, 2015). Bacterial 
phenotypic heterogeneity is a programmed control of genetic or epigenetic regulation. 
Bacterial populations can be divided into subpopulations with distinct phenotypes 
(multistabilty) to confer different adaptive consequence under environmental stress. The 
expression pattern of SPI1 T3SS also shows adaptive bistability (Sturm et al., 2011, 
Sanchez-Romero & Casadesus, 2018, Bumann, 2015). From the single cell analysis of 
Salmonella in both in vitro culture and during infection on Hela cells, SPI1 undergoes a 
bistable expression pattern, with dominant SPI1 ‘off’ population and minor SPI1 ‘on’ 
population (Sanchez-Romero & Casadesus, 2018). The minor SPI1 ‘on’ population is 
sufficient and necessary for invasion into host epithelial cells. The SPI1 ‘on’ group, 
however, experiences a burden in expressing the SPI1 T3SS apparatus and effector 
proteins, often resulting in growth disadvantage (Sturm et al., 2011). However, this 
population shows more resistance to antibiotics (Diard et al., 2014). The mechanisms of 
the dynamic heterogenic population and the phenotypic differences such as growth rate 
and antibiotic resistance are not elusive, but it is evident that this kind of phenotypic 





Small regulatory RNA (sRNA) as a major posttranscriptional regulator of gene 
expression 
Regulatory RNAs are increasingly recognized as key regulators of bacterial 
physiology and virulence (Caldelari et al., 2013, Desnoyers et al., 2016, Gottesman & 
Storz, 2011, Lalaouna et al., 2013, Massé et al., 2007). Various kinds of regulatory 
RNAs, such as sRNAs, riboswitches and RNA thermosensers, have been shown to fine-
tune gene expression from bacterial metabolism to pathogenesis. In particular, a large 
number of sRNAs are discovered in both nonpathogenic and pathogenic bacteria with 
pervasive roles in regulating gene expression (Caldelari et al., 2013, Gottesman & Storz, 
2011, Storz et al., 2011b).  
Discovery and biogenesis of sRNA. Bioinformatic predictions focusing on 
intergenic regions identified numerous sRNAs (Sridhar & Gunasekaran, 2013, Pichon & 
Felden, 2008, Backofen & Hess, 2010). RNA-sequencing based global transcriptomic 
profiling also enabled discovery of a tremendous number of sRNAs and their protein 
partners (Sittka et al., 2008, Vogel & Sharma, 2005, Holmqvist et al., 2016, Lalaouna et 
al., 2017, Han et al., 2016, Westermann & Vogel, 2018). The sRNA that are located in 
the intergenic region are transcribed from native promoters. However, there are also 5’ 
UTR or 3’ UTR derived sRNAs are transcribed from the promoter of their cognate genes 
with RNase E-mediated processing to generate a mature form (Vogel & Luisi, 2011, 




Protein partners and mechanisms of sRNA-mediated regulation. For sRNA-
mediated regulation, protein cofactors such as RNA chaperones and RNases are also 
crucial (Holmqvist & Vogel, 2018). Hfq, sm-like RNA chaperone in Salmonella, controls 
the stability of both mRNA and sRNA and facilitates sRNA-mediated regulation by 
affecting their structure. Hfq can also function as a major factor in sRNA-mediated 
regulation by directly blocking translation initiation (Azam & Vanderpool, 2018). ProQ 
is another major RNA chaperone. ProQ contains a FinO/ProQ domain and interacts with 
a significant fraction of cellular RNAs including mRNA 3’UTRs and sRNAs. ProQ 
affects the stability of sRNAs and one recent study showed that ProQ assists sRNA-
mediated translational inhibition by blocking ribosome recruiting (Smirnov et al., 2017). 
It is also shown that ProQ binding alone to a 3’UTR of mRNA (cspE) protects its 
degradation by exonuclease (RNase II) (Holmqvist et al., 2018). A recent study showed 
that Cold-shock proteins (CspC and E) are also important for maintaining a subset of 
cellular mRNA (Michaux et al., 2017). 
RNases are also pivotal proteins in the sRNA-mediated regulation. RNase E, a 
major endoribonuclease, preferentially recognizes AU-rich region for cleavage. RNase E 
is important for biogenesis of sRNAs and can degrade mRNA after sRNA-mRNA 
binding (Gottesman & Storz, 2011, Carpousis, 2007). RNase III, a double-strand specific 
endoribonuclease, is also responsible for generating mature sRNAs and degrading target 
messages (Court et al., 2013). RNases often interacts with Hfq or ProQ to facilitate 
interaction with target RNAs (Court et al., 2013, De Lay et al., 2013, Gottesman & Storz, 
2011, Storz et al., 2011b).  
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Polynucleotide phosphorylase (PNPase) has an important role in mRNA decay 
and is also a component of RNA degradosome in bacteria (Cameron et al., 2018). 
PNPase degrades single-strand RNA preferentially in 3’ to 5’ direction. In addition to its 
role in degrading the cellular RNA, PNPase is involved in tRNA and rRNA processing, 
but also affects stability of sRNAs (De Lay & Gottesman, 2011, Mohanty & Kushner, 
2010b, Cheng & Deutscher, 2003). PNPase is known to regulates either Hfq-bound or -
unbound sRNA in context of sRNA-mediated regulation (De Lay & Gottesman, 2011, 
Cameron et al., 2018, Bandyra et al., 2016). Poly(A) polymerase (PAPI) is an enzyme 
catalyzing polyadenylation of RNAs at 3’ end and the polyadenylation promotes further 
degradation by exonucleases (Mohanty & Kushner, 2016, Mohanty & Kushner, 2010a). 
PAPI also interacts with Hfq (Mohanty et al., 2004). A recent study showed that the 
PAPI affects the stability and the functionality of RyhB sRNA in E. coli (Sinha et al., 
2018).   
Ranging from 50 to 500 nucleotides in length, sRNAs control gene expression by 
base pairing with target mRNAs. Canonical sRNA binding to the target mRNA is in the 
region overlapping the ribosome binding site (RBS) and/or AUG initiation codon 
(canonical window or -20 window). The consequences of the base pairing interactions are 
varied. For negative regulation, sRNA base pairing can cause translational inhibition 
and/or induction of mRNA degradation by the RNA degradosome. In case of the positive 
regulation, the sRNA binding can cause a conformational change of the mRNA structure, 
resulting in translational activation by exposure of the RBS or by protection from 
degradation. sRNA binding can also control premature transcription termination in E. coli 
(Sedlyarova et al., 2016, Silva et al., 2019).  
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sRNA roles in Salmonella virulence and physiology. Induction of a given 
sRNA is often affected by environmental or stress conditions and sRNAs have been 
shown to play roles in many aspects of bacterial physiology, including metabolism, metal 
homeostasis, stress responses and pathogenesis (Jagodnik et al., 2017, Desnoyers et al., 
2016, De Lay et al., 2013, Fröhlich & Vogel, 2009, Westermann et al., 2016). In 
Salmonella, both experimental and bioinformatic approaches have been used to identify 
more than 350 sRNAs, but few of them are characterized (Colgan et al., 2016, Srikumar 
et al., 2015, Kroger et al., 2013, Kroger et al., 2012, Caldelari et al., 2013, Holmqvist et 
al., 2018, Smirnov et al., 2016). Dramatic changes in expression of all SPI1 genes in hfq 
mutants compared to wild-type Salmonella implicate sRNAs in direct or indirect control 
of SPI1 gene expression (Sittka et al., 2007, Storz et al., 2011). It is suggested that ProQ 
also affects the SP1 T3SS either indirectly or by regulating a few genes in the SPI1 locus 
(Holmqvist et al., 2018, Smirnov et al., 2017, Westermann et al., 2019). The SPI1 locus 
encodes 4 sRNAs including STnc4210, STnc3020, STnc1410 and InvR, suggesting that 
sRNA-mediated cross-talk between pathogenesis and bacterial physiology (Kroger et al., 
2013, Colgan et al., 2016). InvR regulates ompD expression presumably by direct 
binding interaction and this regulation is important for proper production of the SPI1 
T3SS (Pfeiffer et al., 2007, Song et al., 2017). IsrM regulates sopA and hilE mRNA and 
affects invasion and intracellular survival of Salmonella (Gong et al., 2011). PinT 
regulates expression of the SPI1 effectors SopE and SopE2 (Westermann et al., 2016) 
(Westermann et al., 2016). (Strain 14028 does not encode SopE (Zhang et al., 2002)). 
SgrS also represses sopD expression via the conserved seed region of SgrS (Papenfort et 
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al., 2012). Spot42 also regulates SPI1 activation by regulating the 3’ UTR of hilD RNA, 
but the direct mechanism is not clear (El Mouali et al., 2018).  
Conclusion 
Salmonella invade host epithelial cells using the SPI1 T3SS system. The 
regulation of the SPI1 T3SS expression is controlled by both key transcriptional 
activators and numerous upstream regulators in response to environmental signals. This 
thesis contributes to filling the gaps in posttranscriptional or RNA-mediated regulation of 
the SPI1 T3SS better understand the system.  
Table 1.3. Regulatory proteins and environmental signals affecting expression of SPI1. 
Regulator General description Mechanism of action References 
HilA OmpR/ToxT famility 
transcriptional regulator 
Activation of prg/org and 
inv/spa operons 
(Bajaj et al., 
1995, Darwin & 
Miller, 1999, 
Govantes et al., 
2000, Eichelberg 
& Galan, 1999, 
Lostroh & Lee, 
2001, Lostroh et 
al., 2000) 
InvF AraC-like transcriptional 
regulator 
Activation of the SPI1 




Darwin & Miller, 
2000) 
HilD AraC-like transcriptional 
regulator 
Signal integrator and 
dominant transcriptional 
regulator of hilA 
activation 
(Ellermeier et al., 




HilC AraC-like transcriptional 
regulator 
Feed-forward regulator of 
hilA activation 
(Ellermeier et al., 





Table 1.3. Continued 
Regulator General description Mechanism of action References 
RtsA AraC-like transcriptional 
regulator 
Feed-forward regulator of 
hilA activation 
(Ellermeier et al., 
2005, Ellermeier 
& Slauch, 2003) 
HilE Hcp-like protein Repression of HilD DNA 
binding activity 
(Baxter et al., 
2003, Grenz et 
al., 2018, 
Paredes-Amaya 
et al., 2018) 
FliZ Class III flagellar gene Activation of HilD 
protein activity 
(Chubiz et al., 
2010, Iyoda et al., 
2001, Saini et al., 






response to divalent 
cation, pH, osmolarity 
and antimicrobial 
peptides 
Repression of hilD and 
hilA transcription. 
Posttranscriptional 
regulation of hilA and 
rtsA translation via PinT 
sRNA 
(Yuan et al., 
2017, Bajaj et al., 
1996, Behlau & 
Miller, 1993, 
Soncini et al., 
1995, Golubeva 
et al., 2012, 
Westermann et 
al., 2016) (Kim et 




response to bile, CRP and 
acetate 
Activation of hilA 
expression by regulating 
hilD translation via Csr 
system 
(Lawhon et al., 
2002, Martinez et 
al., 2011) 
Fur Ferric uptake regulator, 
response to iron limitation 
Activation of hilA 
expression via HilD, 
counteract with H-NS, 




Teixido et al., 




H-NS Histone-like nucleoid 
protein 
Global repression of the 
SPI1 locus, mainly at 
(Troxell et al., 
2011b, 
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Table 1.3. Continued 
Regulator General description Mechanism of action References 




Schechter et al., 
2003) 
Hha Nucleoid protein Global repression of the 
SPI1 locus, exact 
mechanism unknown 




Hu Nucleoid protein Global repression of the 
SPI1 locus, regulating 
hilA or/and hilD 
expression 
(Schechter et al., 
2003, Mangan et 
al., 2011, 
Golubeva et al., 
2012) 
Fis Nucleoid protein Global repression of the 
SPI1 locus, regulating 
hilA or/and hilD 
expression 
(Schechter et al., 
2003, T & 
Dorman, 2007, 
Kelly et al., 2004, 
Wilson et al., 
2001, Golubeva 




response to osmolarity, 
regulation of outer 
membrean porin 
expression 
Activation of hilA 
expression in HilD 
dependent manner 
(Ellermeier et al., 
2005, Golubeva 
et al., 2012, 
Lucas & Lee, 
2001) 
FadD Acyl-CoA synthetase; 
degradation of long-chain 
fatty acids (LCFA) 
Activation of hilA 
expression in HilD 
dependent manner 
(Lucas et al., 
2000, Golubeva 
et al., 2016, 
Golubeva et al., 
2012) 
Trk Potassium transporter Activatoin of hilA 
expression via affecting 
hilD translation 
(Su et al., 2009, 
Golubeva et al., 
2012) 
Dam Adenine methylase Activation of hilD 
translation via std 
fimbrial genes 




Table 1.3. Continued 




BamB Outer membrane 
lipoprotein BamB, a 
subunit of b-barrel 
complex 
Activation of hilA 
expression via 
posttranscriptional 
regulation of hilD 
(Fardini et al., 
2007, Golubeva 
et al., 2012) 
Fnr Transcriptional regulator, 
cytoplasmic oxygen 
sensor by conversion of 
4Fe-s4S cluster 
Repression of hilA 
expression in HilD 
independent manner 
(Fink et al., 2007, 
Golubeva et al., 
2012) 
ArcAB Two-component system, 
response to oxygen 
through oxidation status 
of the quinone pool 
Activation of hilA 
expression in oxygen or 
growth phase dependent 
manner, Regulation of 
hilD transcription via 
LoiA 
(Evans et al., 
2011, Jiang et al., 
2017, Lim et al., 
2013, Lu et al., 
2002) 
FlhD Master regulator of 
flagellar biosynthesis 
Activation of hilA via 
FliZ and unknown 
mechanism 
(Chubiz et al., 
2010, Saini et al., 
2008, Saini et al., 
2010b) 
DsbA Periplasmic disulfide 
bond oxidase 
Activation of hilD via 
FliZ activation, RCS TCS 
repression 
(Ellermeier & 
Slauch, 2004, Lin 
et al., 2008) 
Rcs TCS Two-component system, 
response to cell surface 
stres 






Wall et al., 2018) 
Lon ATP-dependent protease Repression of hilA 
expression by modulating 
HilD, HilC and RtsA 
protein stability 
(Chubiz et al., 
2010, Boddicker 
& Jones, 2004, 
Takaya et al., 
2005a, Takaya et 
al., 2002) 
ClpXP ATP-dependent protease Repression of hilA 
expression via FliZ 
(Kage et al., 
2008) 
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Table 1.3. Continued 
Regulator General description Mechanism of action References 
RfaH Transcriptional anti-
terminator, affect the 
polarity of the operon of 
LPS core and O-antigen 
biosynthesis 
Activation of SPI1 
expression via unknown 
mechanism 
(Mangan et al., 
2011, Golubeva 
et al., 2012, Nagy 
et al., 2006) 
RNase E AT-rich specific 
endoribonuclease, major 
regulator of mRNA decay 
and rRNA/mRNA 
processing, A major 
component of RNA 
degradosome 
Repression of hilA via 
hilD 3’UTR and/or hilA 
mRNA 
(Lopez-Garrido et 
al., 2014, Fahlen 
et al., 2000) 
PNPase Polynucleotide 
phosphorylase, a 
component of RNA 
degradosome 




Clements et al., 
2002) 
Hfq A major RNA chaperone Activation of SPI1 
expression via unknown 
mechanism 
(Sittka et al., 
2007, Sittka et 
al., 2008) 
ProQ FinO-family RNA 
chaperone 
Regulation of sicP, sptP 
and prgI expression 
(Holmqvist et al., 




Gre Global transcriptional 
regulator, prevent 
backtracking of paused 
RNAP 
Activation of hilD 
expression by regulating 
hilD 3’ UTR  
(Gaviria-Cantin 
et al., 2017) 
FimZY Transcriptional regulator 
of type 1 fimbriae operon 
Repression of hilA 
expression via activating 
hilE expression 
(Baxter & Jones, 
2005, Baxter & 
Jones, 2015, Saini 
et al., 2010c) 
Mlc Transcriptional regulator, 
regulation of sugar uptake 
and metabolic genes 
Activation of hilA 
expression via repressing 
hilE expression 
(Lim et al., 2007) 
CRP cAMP-receptor protein Activation of SPI1 
expression via regulating 
Spot42 and FlhDC  
(Mouslim & 
Hughes, 2014, 
Chen et al., 2010, 
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Table 1.3. Continued 
Regulator General description Mechanism of action References 
El Mouali et al., 
2018) 





RpoE Sigma factor, 
extracytoplasmic function  
Activation of SPI1 
expression via unknown 
mechanism 
(Zhang et al., 
2016) 
Lrp Global transcriptional 
regulator 
Repression of hilA 
expression by binding at 
hilA promoter region 
(Baek et al., 
2009) 
QseBC (PreAB) Two-component system, 
in response to quorum-
sensing, 
Activation of SPI1 
expression 
(Moreira et al., 
2010, Merighi et 
al., 2009) 
LuxS Autoinducer 2 (AI2) 
synthase 
Activation of invF  (Choi et al., 
2012) 
PhoBR Two-component system, 
response to phosphate 
limitation 
Repression of hilA 
expression presumably 
via hilD translation 
(Lucas et al., 
2000, Baxter & 
Jones, 2015) 
LCFA Long-chain fatty acid, 
high at upper ileum, low 
at distal ileum 
Repreeion of hilA 
expression via interacting 
with HilD protein 
(Golubeva et al., 
2016) 
Formate Short-chain fatty acid Activatoin of SPI1 
expression 
(Huang et al., 
2008) 
Acetate Short-chain fatty acid Activation of SPI1 
expression via regulating 
hilD translation (through 
SirA/BarA TCS) 
(Lawhon et al., 
2002, Martinez et 
al., 2011) 
Propionate Short-chain fatty acid Repression of hilA 
expression via regulating 
hilD translation 
(Hung et al., 
2013) 
Butyrate Short-chain fatty acid Repression of hilA via 
unknown mechanism 
(Bronner et al., 
2018, Gantois et 
al., 2006, Rivera-
Chavez et al., 
2016) 
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Table 1.3. Continued 
Regulator General description Mechanism of action References 
Ack Pta Ack (acetate kinase), 
Pta(phosphotransacetylas
e) 
Activation of hilA and/or 
hilD expression by 
formate, Regulation of 
hilD translation 
(Golubeva et al., 




 Repression of hilA and 
hilD expression, (PhoPQ 
independent) 
(Antunes et al., 
2010, Golubeva 
et al., 2012) 
LoiA LysR-transcriptional 
regulator 
Activation of hilA 
expression via regulation 
hilD transcription 
(Jiang et al., 
2017, Jiang et al., 
2019) 
IHF DNA-binding and 
bending protein to 
regulate local DNA 
structure 
Repression of H-NS-
mediated regulation of the 
SPI1 locus (hilA 
promoter) 
(Mangan et al., 
2006, Queiroz et 
al., 2011) 
Growth rate   Late exponential or early 
stationary phase for 
inducing signal 
(Lee & Falkow, 
1990) 
Temperature  Activation of SPI1 in H-
NS-dependent manner 
(from 25°C to 37°C) 
(Ono et al., 2005) 
Osmolarity Co-inducing signal with 
oxygen 
High osmotic condition as 
inducing signal, 
regulating via DNA 
supercoiling 
(Ni Bhriain et al., 
1989, Tartera & 
Metcalf, 1993) 
Oxygen Co-inducing signal with 
osmolarity 
Low oxygen as inducing 
signal 
(Jones & Falkow, 
1994) 
ppGpp Signaling molecule, 
stringent resonse 
Activation of SPI1 
expression with unknown 
mechanism 
(Golubeva et al., 
2012, Pizarro-
Cerda & Tedin, 
2004, Song et al., 
2004, Song et al., 
2010, Thompson 
et al., 2006) 
DksA Transcriptional regulator 
in response to stringent 
response 
Activation of SP1 
expression with unknown 
mechanism 
(Azriel et al., 
2016, Rice et al., 
2015) 
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Table 1.3. Continued 
Regulator General description Mechanism of action References 
IscR Regulator of ISC and 
SUF system 
Repression of hilD 
expression via direct 
promoter binding 
(Paredes-Amaya 
et al., 2018) 
Pat Protein acyltransferase Repression of hilA 
expression via affecting 
HilD protein 
(Sang et al., 
2017, Paredes-
Amaya et al., 
2018) 




MreB, MreC Bacterial cytoskeleton Repression of SPI1 via 
Rcs TCS (on hilD 
expression) 
(Bulmer et al., 
2012, Doble et 
al., 2012) 
Macrophage  Repression of SPI1 
expression  
(Eriksson et al., 
2003, Takaya et 
al., 2005b) 
Epithelial cells  Activation of SPI1 
contact dependent manner 
(Hautefort et al., 
2008) 
Bile  Repression of hilA 
expression via regulating 
hilD translation 
(SirA/BarA TCS) 
(Martinez et al., 
2011, Prouty & 
Gunn, 2000) 
Propanediol Product of metabolism of 
rhamnose and fucose 
Repression of hilA 








FimW Negative regulator of type 
1 fimbriae operon 
Activation of hilA with 
unknown mechanism 
(Field et al., 
2008) 
TdcA LysR family 
transcriptional regulator 
of tdc operon (TdcBC 
transport and metabolize 
L-threonine and L-serine) 
Activation of hilA 
expression via activating 
fliZ expression 
(Ganduri et al., 
1993, Kim et al., 
2009, Golubeva 
et al., 2012) 
Sig32 Sigma factor, heat-shock 
response 
Repression of hilA 
expression via affecting 
HilD protein stability 
(Lon-dependent) 
(Matsui et al., 
2008) 
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Table 1.3. Continued 
Regulator General description Mechanism of action References 
TolC/AcrAB Multidrug efflux pump Activation of SPI1 
expression with unknown 
mechanism 
(Webber et al., 
2009) 
CorA Mg2+ and Co2+ efflux 
pump 
Activation of SPI1 






Table 1.3. Regulatory proteins and environmental signals affecting expression of 
SPI1.
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Chapter 2: Materials and Methods 
Strain construction 
 All Salmonella enterica serovar Typhimurium strains created for this study are 
isogenic derivatives of strain 14028 [American Type Culture Collection (ATCC)]. 
Isogenic mutants strains were constructed using P22 HT105/1 int-201 (P22)-mediated 
transduction (Maloy et al., 1996). All Pi-dependent plasmids were constructed and 
maintained in DH5alpir. All plasmids used were moved through a restriction-minus and 
modification-plus Pi+ Salmonella strain (JS198) before transformation into appropriated 
14028 derivatives.  
 
Media and reagents 
 Lysogeny Broth medium containing 10 g tryptone, 5 g yeast extract, and 0 g NaCl 
per liter (designated no salt LB, NSLB), 5 g NaCl per liter (low salt LB, LSLB) or 10 g 
NaCl per liter (high salt LB, HSLB) were used as indicated. Superoptimal broth with 
catabolite repression (SOC) was used for the recovery of transformants (Maloy et al., 
1996). Bacterial strains were normally grown at 37°C except for the strains containing 
the temperature sensitive plasmids, pCP20 or pKD46, which were grown at 30°C. When 
required, antibiotics were used at the following concentrations: 100 μg ml-1 ampicillin 
(Ap), 20 μg ml-1 chloramphenicol (Cm), 50 μg ml-1 kanamycin (Kn), 25 μg ml-1 
tetracycline (Tet), and 50 μg ml-1 apramycin (Apr). Primers were purchased from IDT. 





 β-Galactosidase assays were performed using a microtiter plate assay as 
previously described on strains grown under the indicated conditions (Slauch & Silhavy, 
1991). β-Galactosidase activity units are defined as (mmol of ortho-nitrophenyl-β-
galactoside formed min-1) x106/(OD600 X ml of cell suspension) and are reported as 
mean ± standard deviation where n = 3 or 4. Cultures used to measure β-galactosidase 
activity in Salmonella were initially inoculated into NSLB and grown overnight, then 
subcultured 1/100 and grown under one of the following conditions: (i) statically 
overnight in 3 ml of HSLB in a 13 x 100 mm tube, referred to as either Low Aeration or 
SPI1 inducing; (ii) on a platform shaker at 225 r.p.m. in 4 ml of HSLB in a 125 ml 
baffled flask to an OD600 of 0.8, referred to as High Aeration. Cultures used to measure 
β-galactosidase activity in E. coli were initially inoculated into LSLB, grown overnight, 
and subcultured 1/100 in LSLB and grown to an OD600 of 0.5 with IPTG 100 μM and 
0.001% of Arabinose. 
 
Strain and plasmid construction 
 Construction of deletion mutations and transcriptional lacZ fusion. Deletion 
of various genes and concomitant insertion of an antibiotic resistance cassette was carried 
out using lambda Red-mediated recombination (Yu et al., 2000, Datsenko & Wanner, 
2000, Ellermeier et al., 2002). The end-points of each deletion are indicated in Table 2.1. 
In all cases, the appropriate insertion of the antibiotic resistance marker was confirmed by 
polymerase chain reaction analysis. In each case, the constructs resulting from this 
procedure were moved into an unmutagenized background by P22 transduction. When 
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appropriate, antibiotic resistance cassettes were removed using the temperature sensitive 
plasmid pCP20 carrying the FLP recombinase (Cherepanov & Wackernagel, 1995). To 
create transcriptional lacZ fusions of sRNA genes and hilD 3’ UTR, the insertion 
mutations in the genes were converted to transcriptional lac+ fusions using an FLP/FRT-
mediated site-specific recombination method as previously described (Ellermeier et al., 
2002) (Figure 2.1.B).  
 Construction of translational lacZ reporter fusions in E. coli. The translational 
lacZ reporter fusions were constructed using lambda Red recombination in the E. coli 
strain PM1205 as described previously (Mandin & Gottesman, 2009). All fusions are 
under PBAD control. The 5’ UTR and early coding regions of hilD, hilC, rtsA, or hilA 
were fused in-frame to lacZ to create translational fusions (Figure 2.1.C). The 
corresponding DNA fragments were amplified from purified genomic DNA of 
Salmonella using the primers in Table 2.2 with homology to the PBAD promoter or to 
lacZ. The PCR fragments were purified using a PCR purification Kit (Qiagen) and 
competent cells were prepared as described (Mandin & Gottesman, 2009). Recombinants 
were selected on sucrose minimal plates (M63 salts, 0.2% glycerol, 5% sucrose) 
containing 40 μg ml-1 of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal). To 
create fusions with mutations in the hilD 5’ UTR, hilA 5’ UTR and rtsA 5’ UTR, the 
nucleotide changes were encoded in the amplifying primers (Table 2.2).  
 Plasmid construction and site-directed mutagenesis of sRNA constructs. 
Standard recombinant DNA techniques were used for construction of plasmids were 
constructed (Sambrook, 2001). Each of sRNA gene fragment from strain 14028 was 
amplified by PCR using primers carrying AatII and EcoRI restriction endonucleases. All 
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the primers for the construction of sRNA plasmids were listed in (Table 2.2). The PCR 
products were subsequently cloned into the pBR-plac vector after digestion with AatII 
and EcoRI (Mandin & Gottesman, 2009). 
 Various bioinformatics tools (Busch et al., 2008, Kruger & Rehmsmeier, 2006, 
Zuker, 2003) were used to predict the region of sRNA that base pairs with the target 
mRNA. The Quick Change Lightening Site Directed Mutagenesis Kit (Stratagene) was 
used to create the corresponding mutant constructs with the primers containing the 
mutations (Table 2.2).   
 
Virulence assays 
Bacteria were initially inoculated into LSLB, grown overnight, then subcultured 
1/35 in 4 ml HSLB (1% NaCl) in 125 mL flasks and grown for 4 h with aeration at 200 
rpm. BALB/c mice (Harlan) (10 to 13 weeks old) were inoculated either orally or 
intraperitoneally (i.p.) with 0.2 ml of a bacterial suspension. For oral infections of normal 
mice, the bacteria were washed and suspended at 5 × 108 (wt background) or 109 (spi1 
background) cells per 0.2 ml in sterile 0.1 M sodium phosphate buffer, pH 8.0. Before 
infection, food and water were withheld for 4 hours and mice were orally inoculated with 
the indicated number of bacteria, after which the food and water were provided 
immediately. For oral infections of streptomycin-treated mice, the bacteria were washed 
and suspended at 5 × 107 (wt background) or 5x108 (spi1 background) cells per 0.2 ml in 
sterile 0.1 M sodium phosphate buffer, pH 8.0. For streptomycin treatment, food and 
water were withheld for 4 hours; then mice were treated with 20 mg of streptomycin 
delivered intragastrically, after which the food and water were provided immediately. At 
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20 hours after the streptomycin treatment, food and water were withheld for 4 hours and 
mice were orally inoculated with the indicated number of bacteria, after which the water 
was provided immediately and food was provided at 2 hours post infection. For 
intraperitoneal infections, the cells were diluted to 103 cells per 0.2 ml in sterile PBS. For 
oral infections, mice were sacrificed by CO2 asphyxiation at 3.5 days after inoculation 
and the spleens, small intestines, and large intestines were harvested. For i.p. infections, 
the mice were sacrificed by CO2 asphyxiation between 4 and 5 days after inoculation and 
spleens were harvested. These organs were homogenized, and serial dilutions of the 
homogenates were plated on the appropriate medium to determine the number of CFU 
per organ. The relative percentage of each strain recovered was determined by replica 
plating to the appropriate antibiotic-containing medium. In all competition assays, the 
inoculum consisted of a 1:1 mix of two bacterial strains. The actual CFU and relative 
percentage represented by each strain was determined by direct plating of the inoculum. 
The competitive index (CI) was calculated as (percentage of strain A 
recovered/percentage of strain B recovered)/(percentage of strain A 
inoculated/percentage of strain B inoculated). In those cases where a virulence phenotype 
was observed, the strains were independently reconstructed and the competition assays 
were repeated to ensure that the phenotypes were the result of the designated mutations.  
Table 1 shows all data combined.  The Student t test was used to determine whether the 





Total RNA extraction and Rifampicin chase experiment 
The strains were subcultured either high or low oxygen condition in HSLB. The 
bacterial cultures were grown under high aeration condition as same as how we describe 
above. For the low oxygen condition, the strains were incubated in 16 ml of HSLB in a 
20 x 150 mm tube for 3 hours on a platform shaker. Total RNA was isolated following 
the hot phenol protocol in order to preserve the RNA integrity (Ares, 2012). In brief, 
bacterial cells were resuspended in the 915 μL hot phenol solution (15-594-047, 
Invitrogen) with 120 μL of Lysis buffer (0.3M NaOAc (pH 5.2), 8% SDS, and 0.02 M 
EDTA (pH 8.0)) and then incubated at 65°C for 10 minutes to lyse cells. After the lysis 
of the bacterial samples, the aqueous sample were added into Phenol : Chloroform : 
Isoamylalcohol (P:C:I, 25:24:1) solution (pH 6.6, AM9732, Invitrogen) for further 
separation. The subsequent aqueous portion were transferred into 700 μl of ice-chilled 
ethanol and incubated at -80°C for at least 2 hours. After the centrifugation at 13,000 rpm 
for 10 min, the supernatant was carefully removed and the pellets were washed with 1 ml 
of 70% Ethanol solution. The RNA pellets were allowed to air-dry and resuspended with 
20-25 μl DEPC-treated H2O.  
For the Rifampicin chase experiment to measure the half-life of hilD mRNA, 500 
μg of Rifampicin was added into the bacterial culture (Holmqvist et al., 2018). Upon 
addition of Rifampicin as time 0, the bacterial cells were collected 1, 2, 4, 8 and 16 





Northern blotting  
 For the RNA samples of ArcZ processing, 20 μg total RNA was denatured in 1× 
RNA loading buffer II (AM8546G, Ambion) at 95°C for 3 min, and separated by 6% 
polyacrylamide (PAA) gel with 7 M urea for 2 h at 300 V (Chao et al., 2017). RNA was 
transferred to BrightStar™-Plus Positively Charged Nylon Membrane (AM10104, 
Ambion) by electro- blotting (1 h, 50 V, 4°C) in 1× TBE buffer. After crosslinking by 
0.12 J/cm2 UV light, the membranes were hybridized with 5’-end radiolabeled DNA 
probes at 42°C overnight with the ULTRAhyb hybridization buffer (AM8670, 
Invitrogen). To probe the pattern of ArcZ processing, radio-labeled oligo probe to 
antisense to ArcZ was used (Chao et al., 2017). 10 pmol of ArcZ oligo was incubated 
with 25 μCi of [g-32P]-ATP and 1 U T4 polynucleotide kinase (M0236S, NEB) at 37°C 
for 1 hour. 
For the RNA samples of rifampicin chase experiments, 20 μg total RNA was 
denatured in 3X volume of Formaldehyde Loading Dye (AM8552, Ambion) at 95°C for 
3 min, and separated by 1.2% agarose gel with 1X MOPS buffer with Formaldehyde for 
1 h at 85 V. RNA was transferred to the positively charged Nylon membrane by capillary 
transfer method with Northern MAX transfer buffer (AM8672, Ambion) (Sambrook, 
2005). To probe hilD mRNA, the radio-labeled random-primed probe were generated 
from the 25 ng PCR fragment of hilD CDS based on the manufacturer’s manual (18187-
013, Life Technologies).  
In all cases, as a loading control, 5S RNA was detected by radio-labeled oligo 
probe. Signal was visualized on a phosphorimager (Fuji FLA-3000) and quantified using 
the Image Quant image analyzer (ImageGauge V4.22). Decay curves corresponding to 
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rifampicin chase experiments were generated by using GraphPad Prism version 8.0 
(Sinha et al., 2018). 
 
In vitro transcription 
To synthesize RNA transcript in vitro, template DNA was generated by PCR 
reaction using gene specific oligonuclerotides with T7 promoter sequence at the 5’ end of 
the forward primer. The following oligonucleotides were used to generate templates for 
RNA footprinting assay: T7-hilA and hilA-R for hilA, T7-invR and invR-R for InvR. 
Transcription reaction of these DNA templates was performed using the MEGAscript T7 
(AM1334, Invitrogen) following manufacturer’s instructions. 
 
Footprinting assays 
In vitro RNA footprinting reactions were performed as described previously with 
some modifications (Desnoyers et al., 2009). 0.1 pmol of 5′-end labeled hilA mRNA was 
incubated at 37◦C for 30 min in structure buffer (Ambion) containing 1 ng of yeast RNA 
(Ambion), in the presence or absence of 100 pmol of unlabeled InvR and 2.5 pmol of 
Hfq. At this point, lead(II) acetate (Sigma) was added to a final concentration of 2.5 µM 
for the cleavage reaction and incubated at 37◦C for 2 min. Reactions were stopped by 
adding 12.5 µl of loading buffer (Ambion). RNase T1 was used for 5 min at 37◦C to 




Figure 2.1. Schematic representation of the lacZ reporter systems used in this study. 
The following lacZ reporter fusions were used to identify sRNAs affecting SPI1 gene 
expression and to characterize the mechanism of regulation. A. In Salmonella, an in locus 
hilD’-‘lacZ (and, therefore, hilD null), hilA’-’lacZ (hilA null), or rtsA’-‘lacZ (rtsA null) 
translational fusions or  a hilA’-lacZ+ transcriptional fusion integrated at the attB site in the 
chromosome both controlled by the native promoters. B. Series of hilD’-lacZ+ 3’UTR 
transcriptional fusions were integrated in locus. Arrows represent the insertion points of 
lacZ. C. In E.coli, hilD’-’lacZ, hilC’-’lacZ, rtsA’-’lacZ, or hilA’-’lacZ translational fusions 
were constructed in the PM1205 background. Each translational fusion contains the full 5’ 




Table 2.1. Bacterial strains and plasmids.  
Strain Strain Aliasa Genotype
b Deletion endpointc 
Source or 
referenced 
14028 Lab stock Wild-type   ATCCb 
JS198 Lab stock 
LT2 metE551 metA22 ilv452 trpB2 
hisC527(am) galE496 xyl-404 rpsL120 flaA66 
hsdL6 hsdSA29 zjg8103::pir+ recA1 
  Lab stock 
DH5λapir Lab stock 
E. coli endA1 hsdR17 supE44 thi-1 recA1 gyrA 
relA1 DEL(lac-argF)U169 deoR ϕ80 
Δ(lac)M15 λ pir+ 
  Lab stock 
CDC 
pKD46 Lab stock 14028 pKD46     
KK-A18 PM1205 MG1655 mal::lacI
q, ΔaraBAD araC+, 
lacI'::PBAD-cat-sacB:lacZ, miniλtetR 
  Mandin & Gottesman, 2009 
KK-A19 JMS6500 PM1205 lacI'::PBAD-hilD'-'lacZ   Kim et al., 2019 
KK-A20 JMS6505 PM1205 lacI'::PBAD-hilA'-'lacZ   Kim et al., 2019 
KK-A10 JS892 ϕ(hilD’-‘lacZ)hyb139   Chubiz & Slauch, 2010 
KK-A09 JS2333 ϕ(hilA’-‘lacZ)hyb116 3040173 - 3038966 Kim et al., 2019 
KK0201   PM1205 lacI'::PBAD-hilD'-'lacZ pBRpLac     
KK0202   PM1205 lacI'::PBAD-hilD'-'lacZ pRybC (E. coli)     
KK0203   PM1205 lacI'::PBAD-hilD'-'lacZ pSdsR (E. coli)     
KK0204   PM1205 lacI'::PBAD-hilD'-'lacZ pCyaR (E. coli)     
KK0205   PM1205 lacI'::PBAD-hilD'-'lacZ pChiX (E. coli)     
KK0206   PM1205 lacI'::PBAD-hilD'-'lacZ pRyhB (E. coli)     
KK0207   PM1205 lacI'::PBAD-hilD'-'lacZ pOxyS (E. coli)     
KK0208   PM1205 lacI'::PBAD-hilD'-'lacZ pRseX (E. coli)     
KK0209   PM1205 lacI'::PBAD-hilD'-'lacZ pGadY (E. coli)     
KK0210   PM1205 lacI'::PBAD-hilD'-'lacZ pMgrR (E. coli)     
KK0211   PM1205 lacI'::PBAD-hilD'-'lacZ pOmrB (E. coli)     
KK0212   PM1205 lacI'::PBAD-hilD'-'lacZ pOmrA (E. coli)     
KK0213   PM1205 lacI'::PBAD-hilD'-'lacZ pGlmY (E. coli)     
KK0214   PM1205 lacI'::PBAD-hilD'-'lacZ pMicF (E. coli)     
KK0215   PM1205 lacI'::PBAD-hilD'-'lacZ pGlmZ (E. coli)     
KK0216   PM1205 lacI'::PBAD-hilD'-'lacZ pMicA (E. coli)     
KK0217   PM1205 lacI'::PBAD-hilD'-'lacZ pSgrS (E. coli)     
KK0218   PM1205 lacI'::PBAD-hilD'-'lacZ pMicC (E. coli)     
KK0219   PM1205 lacI'::PBAD-hilD'-'lacZ pDsrA (E. coli)     
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Table 2.1. Continued 
Strain Strain Aliasa Genotype
b Deletion endpointc 
Source or 
referenced 
KK0220   PM1205 lacI'::PBAD-hilD'-'lacZ pRybB (E. coli)     
KK0221   PM1205 lacI'::PBAD-hilD'-'lacZ pRydC (E. coli)     
KK0222   PM1205 lacI'::PBAD-hilD'-'lacZ pRprA (E. coli)     
KK0223   PM1205 lacI'::PBAD-hilD'-'lacZ pArcZ (E. coli)     
KK0224   PM1205 lacI'::PBAD-hilD'-'lacZ pFnrS (E. coli)     
KK0225   Φ(hilD’-‘lacZ)hyb139 pBRpLac     
KK0226   Φ(hilD’-‘lacZ)hyb139 pRybC (E. coli)     
KK0227   Φ(hilD’-‘lacZ)hyb139 pSdsR (E. coli)     
KK0228   Φ(hilD’-‘lacZ)hyb139 pCyaR (E. coli)     
KK0229   Φ(hilD’-‘lacZ)hyb139 pChiX (E. coli)     
KK0230   Φ(hilD’-‘lacZ)hyb139 pRyhB (E. coli)     
KK0231   Φ(hilD’-‘lacZ)hyb139 pOxyS (E. coli)     
KK0232   Φ(hilD’-‘lacZ)hyb139 pRseX (E. coli)     
KK0233   Φ(hilD’-‘lacZ)hyb139 pGadY (E. coli)     
KK0234   Φ(hilD’-‘lacZ)hyb139 pMgrR (E. coli)     
KK0235   Φ(hilD’-‘lacZ)hyb139 pOmrB (E. coli)     
KK0236   Φ(hilD’-‘lacZ)hyb139 pOmrA (E. coli)     
KK0237   Φ(hilD’-‘lacZ)hyb139 pGlmY (E. coli)     
KK0238   Φ(hilD’-‘lacZ)hyb139 pMicF (E. coli)     
KK0239   Φ(hilD’-‘lacZ)hyb139 pGlmZ (E. coli)     
KK0240   Φ(hilD’-‘lacZ)hyb139 pMicA (E. coli)     
KK0241   Φ(hilD’-‘lacZ)hyb139 pSgrS (E. coli)     
KK0242   Φ(hilD’-‘lacZ)hyb139 pMicC (E. coli)     
KK0243   Φ(hilD’-‘lacZ)hyb139 pDsrA (E. coli)     
KK0244   Φ(hilD’-‘lacZ)hyb139 pRybB (E. coli)     
KK0245   Φ(hilD’-‘lacZ)hyb139 pRydC (E. coli)     
KK0246   Φ(hilD’-‘lacZ)hyb139 pRprA (E. coli)     
KK0247   Φ(hilD’-‘lacZ)hyb139 pArcZ (E. coli)     
KK0248   Φ(hilD’-‘lacZ)hyb139 pFnrS (E. coli)     
KK0249   Φ(hilA’-‘lacZ)hyb116 pBRpLac     
KK0250   Φ(hilA’-‘lacZ)hyb116 pRybC (E. coli)     
KK0251   Φ(hilA’-‘lacZ)hyb116 pSdsR (E. coli)     
KK0252   Φ(hilA’-‘lacZ)hyb116 pCyaR (E. coli)     
KK0253   Φ(hilA’-‘lacZ)hyb116 pChiX (E. coli)     
KK0254   Φ(hilA’-‘lacZ)hyb116 pRyhB (E. coli)     
KK0255   Φ(hilA’-‘lacZ)hyb116 pOxyS (E. coli)     
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Table 2.1. Continued 
Strain Strain Aliasa Genotype
b Deletion endpointc 
Source or 
referenced 
KK0256   Φ(hilA’-‘lacZ)hyb116 pRseX (E. coli)     
KK0257   Φ(hilA’-‘lacZ)hyb116 pGadY (E. coli)     
KK0258   Φ(hilA’-‘lacZ)hyb116 pMgrR (E. coli)     
KK0259   Φ(hilA’-‘lacZ)hyb116 pOmrB (E. coli)     
KK0260   Φ(hilA’-‘lacZ)hyb116 pOmrA (E. coli)     
KK0261   Φ(hilA’-‘lacZ)hyb116 pGlmY (E. coli)     
KK0262   Φ(hilA’-‘lacZ)hyb116 pMicF (E. coli)     
KK0263   Φ(hilA’-‘lacZ)hyb116 pGlmZ (E. coli)     
KK0264   Φ(hilA’-‘lacZ)hyb116 pMicA (E. coli)     
KK0265   Φ(hilA’-‘lacZ)hyb116 pSgrS (E. coli)     
KK0266   Φ(hilA’-‘lacZ)hyb116 pMicC (E. coli)     
KK0267   Φ(hilA’-‘lacZ)hyb116 pDsrA (E. coli)     
KK0268   Φ(hilA’-‘lacZ)hyb116 pRybB (E. coli)     
KK0269   Φ(hilA’-‘lacZ)hyb116 pRydC (E. coli)     
KK0270   Φ(hilA’-‘lacZ)hyb116 pRprA (E. coli)     
KK0271   Φ(hilA’-‘lacZ)hyb116 pArcZ (E. coli)     
KK0272   Φ(hilA’-‘lacZ)hyb116 pFnrS (E. coli)     
KK0273   Φ(hilD’-‘lacZ)hyb139 pArcZ (Salmonella)     
KK0274   Φ(hilD’-‘lacZ)hyb139 pRprA (Salmonella)     
KK0275   Φ(hilD’-‘lacZ)hyb139 pFnrS (Salmonella)     
KK0276   Φ(hilA’-‘lacZ)hyb116 pArcZ (Salmonella)     
KK0277   Φ(hilA’-‘lacZ)hyb116 pRprA (Salmonella)     
KK0278   Φ(hilA’-‘lacZ)hyb116 pFnrS (Salmonella)     
KK0279   Φ(hilD’-‘lacZ)hyb139 pSdsR (Salmonella)     
KK0280   Φ(hilD’-‘lacZ)hyb139 pCyaR (Salmonella)     
KK0281   Φ(hilD’-‘lacZ)hyb139 pOxyS (Salmonella)     
KK0301   Φ(hilA’-‘lacZ)hyb116 pSdsR (Salmonella)     
KK0302   Φ(hilA’-‘lacZ)hyb116 pCyaR (Salmonella)     
KK0303   Φ(hilA’-‘lacZ)hyb116 pOxyS (Salmonella)     
KK0304   Φ(hilD’-‘lacZ)hyb139 pMicL (Salmonella)     
KK0305   Φ(hilD’-‘lacZ)hyb139 pMicC (Salmonella)     
KK0306   Φ(hilD’-‘lacZ)hyb139 pGcvB (Salmonella)     
KK0307   Φ(hilA’-‘lacZ)hyb116 pMicL (Salmonella)     
KK0308   Φ(hilA’-‘lacZ)hyb116 pMicC (Salmonella)     
KK0309   Φ(hilA’-‘lacZ)hyb116 pGcvB (Salmonella)     
KK0310   PM1205 lacI'::PBAD-hilD'-'lacZ pMicL (Salmonella)     
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Table 2.1. Continued 
Strain Strain Aliasa Genotype
b Deletion endpointc 
Source or 
referenced 
KK0311   PM1205 lacI'::PBAD-hilD'-'lacZ pMicC (Salmonella)     
KK0312   PM1205 lacI'::PBAD-hilD'-'lacZ pGcvB (Salmonella)     
KK0313   PM1205 lacI'::PBAD-hilD'-'lacZ pFnrS (Salmonella)     
KK0314   PM1205 lacI'::PBAD-hilD'-'lacZ pArcZ (Salmonella)     
KK0401   Φ(hilD’-‘lacZ)hyb139 pRybB (Salmonella)     
KK0402   Φ(hilD’-‘lacZ)hyb139 pSTnc1740     
KK0403   Φ(hilD’-‘lacZ)hyb139 pSTnc770     
KK0404   Φ(hilD’-‘lacZ)hyb139 pSTnc2030     
KK0405   Φ(hilD’-‘lacZ)hyb139 pInvR     
KK0406   Φ(hilD’-‘lacZ)hyb139 pPinT     
KK0407   Φ(hilA’-‘lacZ)hyb116 pRybB (Salmonella)     
KK0408   Φ(hilA’-‘lacZ)hyb116 pSTnc1740     
KK0409   Φ(hilA’-‘lacZ)hyb116 pSTnc770     
KK0410   Φ(hilA’-‘lacZ)hyb116 pSTnc2030     
KK0411   Φ(hilA’-‘lacZ)hyb116 pInvR     
KK0412   Φ(hilA’-‘lacZ)hyb116 pPinT     
KK0413   PM1205 lacI'::PBAD-hilA'-'lacZ pBRpLac     
KK0414   PM1205 lacI'::PBAD-hilA'-'lacZ pRybB (Salmonella)     
KK0415   PM1205 lacI'::PBAD-hilA'-'lacZ pSTnc1740     
KK0416   PM1205 lacI'::PBAD-hilA'-'lacZ pSTnc770     
KK0417   PM1205 lacI'::PBAD-hilA'-'lacZ pSTnc2030     
KK0418   PM1205 lacI'::PBAD-hilA'-'lacZ pInvR     
KK0419   PM1205 lacI'::PBAD-hilA'-'lacZ pPinT     
KK0442   Φ(hilD’-‘lacZ)hyb139 pChiX (Salmonella)     
KK0443   Φ(hilD’-‘lacZ)hyb139 pRyhB1 (Salmonella)     
KK0444   Φ(hilA’-‘lacZ)hyb116 pChiX (Salmonella)     
KK0445   Φ(hilA’-‘lacZ)hyb116 pRyhB1     
KK0446   PM1205 lacI'::PBAD-hilA'-'lacZ pSdsR (Salmonella)     
KK0447   PM1205 lacI'::PBAD-hilA'-'lacZ pOxyS (Salmonella)     
KK0448   PM1205 lacI'::PBAD-hilA'-'lacZ pChiX (Salmonella)     
KK0449   PM1205 lacI'::PBAD-hilA'-'lacZ pRyhB1     
JS481 JS481 Δ(invH-avrA)2916::Cm (called Δspi1-
2916::Cm)  
  Ellermeier et al., 2005 
KK0611 JMS6501 PM1205 lacI'::PBAD-hilDmt1'-'lacZ   Kim et al., 2019 
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Table 2.1. Continued 
Strain Strain Aliasa Genotype
b Deletion endpointc 
Source or 
referenced 
KK0613 JMS6502 PM1205 lacI'::PBAD-hilDmt2'-'lacZ   Kim et al., 2019 
KK-A21 JMS6503 PM1205 lacI'::PBAD-hilC'-'lacZ   Kim et al., 2019 
KK-A22 JMS6504 PM1205 lacI'::PBAD-rtsA'-'lacZ   Kim et al., 2019 
JS1046 JS1046 Δfnr1::Cm   Golubeva et al., 2012 
JS1063 JS1063 Δfnr2::Tet   Golubeva et al., 2012 
JS107 JS107 zjg8101::Kn    Mann and Slauch, 1997 
KK1201 JS2075 attλ::pDX1::hilA'-lacZ
+ ∆spi1::FRT 
∆rtsA::FRT    




∆rtsA::FRT tetRA-rtsA   
Golubeva et al., 
2016 
KK-A29 JS2117 rne131::Cm  1226517 - 1227962 Kim et al., 2019 
KK0440 JS2118 Φ(hilD’-‘lacZ)hyb139 Δhfq11::Cm    Kim et al., 2019 
KK0441 JS2119 Φ(hilD’-‘lacZ)hyb139 rne131::Cm   Kim et al., 2019 
KK0511 JS2120 ΔfnrS3::Cm 176026 - 1759907 Kim et al., 2019 
KK0512 JS2121 ΔarcZ252::Kn 3504279 - 3504387 Kim et al., 2019 
KK0513 JS2122 ΔarcZ252::Cm 3504279 - 3504387 Kim et al., 2019 
KK0521 JS2123 Φ(hilD’-‘lacZ)hyb139 ΔfnrS3::Cm   Kim et al., 2019 
KK0522 JS2124 Φ(hilD’-‘lacZ)hyb139 ΔarcZ252::Cm   Kim et al., 2019 
KK0523 JS2125 attλ::pDX1::hilA'-lacZ+ ΔfnrS3::Cm   Kim et al., 2019 
KK0524 JS2126 attλ::pDX1::hilA'-lacZ+ ΔarcZ252::Cm   Kim et al., 2019 
KK0801 JS2127 Δfnr4::Kn 1764312 - 1765103 Kim et al., 2019 
KK0805 JS2128 fnrS5::cm 1759979 - 1759907 Kim et al., 2019 
KK0810 JS2129 fnrS5'-lacZ   Kim et al., 2019 
KK0811 JS2130 fnrS5'-lacZ+ Δfnr2::tet   Kim et al., 2019 
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KK0812 JS2131 fnrS5'-lacZ+ Δfur42::tet   Kim et al., 2019 
KK0841 JS2132 attλ::pDX1::hilA'-lacZ
+ Δfur42::Tet 
ΔfnrS3::Cm   Kim et al., 2019 
KK0843 JS2133 Φ(sodB111'-'lac)hyb ΔfnrS3::Cm   Kim et al., 2019 
KK0844 JS2134 Φ(sodB111'-'lac)hyb Δfur42::Tet ΔfnrS3::Cm   Kim et al., 2019 
KK1011 JS2135 attλ::pDX1::hilA'-lacZ+ Δfnr2::Tet   Kim et al., 2019 
KK1012 JS2136 attλ::pDX1::hilA'-lacZ+ Δfnr2::Tet ΔfnrS3::Cm   Kim et al., 2019 
KK1017 JS2137 attλ::pDX1::hilA'-lacZ
+ ΔhilD138::FRT 
putA::tetRA-rtsA   Kim et al., 2019 
KK1019 JS2138 attλ::pDX1::hilA'-lacZ
+ ΔhilD138::FRT 
purA::tetRA-rtsA ΔfnrS3::Cm   Kim et al., 2019 
KK1018 JS2139 attλ::pDX1::hilA'-lacZ
+ ΔhilD138::FRT 
purA::tetRA-rtsA Δfnr4::Kn   Kim et al., 2019 
KK1020 JS2139 attλ::pDX1::hilA'-lacZ
+ ΔhilD138::FRT 
purA::tetRA-rtsA Δfnr4::Kn ΔfnrS3::Cm   Kim et al., 2019 
KK0808 JS2141 ΔarcA253::cm 4868202 - 4868920 Kim et al., 2019 
JRE850 JS2142 ΔarcA254::Tet 4868242 - 4868863 Kim et al., 2019 
KK1030 JS2143 Φ(hilD’-‘lacZ)hyb139 ΔarcA253::Cm   Kim et al., 2019 
KK1031 JS2144 Φ(hilD’-‘lacZ)hyb139 ΔarcA253::Cm ΔarcZ252::Kn    Kim et al., 2019 
KK1101 JS2145 attλ::pDX1::hilA'-lacZ+ ΔarcA253::Cm   Kim et al., 2019 
KK1102 JS2146 attλ::pDX1::hilA'-lacZ
+ ΔarcA253::Cm 
ΔarcZ252::Kn    Kim et al., 2019 
KK1013 JS2147 attλ::pDX1::hilA'-lacZ+ ΔhilD138::FRT   Kim et al., 2019 
KK1104 JS2148 attλ::pDX1::hilA'-lacZ
+ ∆hilD138::FRT 
ΔarcZ252::Kn   Kim et al., 2019 
KK1103 JS2149 attλ::pDX1::hilA'-lacZ
+ ∆hilD138::FRT 
ΔarcA253::Cm   Kim et al., 2019 
KK1105 JS2150 attλ::pDX1::hilA'-lacZ
+ ∆hilD138::FRT 
ΔarcA253::Cm ΔarcZ252::Kn   Kim et al., 2019 
KK1106 JS2151 attλ::pDX1::hilA'-lacZ
+ ∆spi1-2196::FRT 
∆rtsA::FRT purA::tetRA-rtsA ΔarcA253::Cm   Kim et al., 2019 
KK1107 JS2152 attλ::pDX1::hilA'-lacZ
+ ∆spi1-2196::FRT 
∆rtsA::FRT purA::tetRA-rtsA ΔarcZ252::Kn   Kim et al., 2019 
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∆rtsA::FRT purA::tetRA-rtsA ΔarcA253::Cm 
ΔarcZ252::Kn 
  Kim et al., 2019 
KK1021 JS2154 ΔloiA::Cm 933078 - 934003 Kim et al., 2019 
KK1022 JS2155 Δspi14::Cm 927271 - 934003 Kim et al., 2019 
KK1023 JS2156 Φ(hilD'-lac+)139 ΔloiA::Cm   Kim et al., 2019 
KK1024 JS2157 Φ(hilD'-lac+)139 Δspi14::Cm   Kim et al., 2019 
KK1032 JS2158 attλ::pDX1::hilA'-lacZ+ ΔloiA::Cm   Kim et al., 2019 
KK1033 JS2159 attλ::pDX1::hilA'-lacZ+ Δspi14::Cm   Kim et al., 2019 
KK1034 JS2160 attλ::pDX1::hilA'-lacZ
+ ΔfnrS3::Cm 
ΔarcZ252::Kn   Kim et al., 2019 
KK0881 JS2161 Φ(hilD'-lac+)139 ΔarcA254::Tet   Kim et al., 2019 
JS2163 JS2163 
attλ::pDX1::hilA'-lacZ+ zjg8101::Kn  
  Kim et al., 2019 
KK0816 JS2164 
attλ::pDX1::hilA'-lacZ+ ΔarcZ252::Kn  
  Kim et al., 2019 
KK0813 JS2165 
ΔfnrS3::Kn  
  Kim et al., 2019 
KK0814 JS2166  rne131::Cm ΔfnrS3::Kn    Kim et al., 2019 
KK0815 JS2167  rne131::Cm ΔarcZ252::Kn    Kim et al., 2019 
JS570 JS570 Δhfq11::Cm   Ellermeier & Slauch, 2008 
JS583 JS583 attλ::pDX1::hilA'-lacZ+ Δfur42::Tet   Ellermeier & Slauch, 2008 
JS619 JS619 Φ(sodB111'-'lac)hyb   Ellermeier & Slauch, 2008 
JS620 JS620 Φ(sodB111'-'lac)hyb Δfur42::Tet    Ellermeier & Slauch, 2008 
KK-A11 JS749 attλ::pDX1::hilA'-lacZ+   Lin et al., 2008 
KK-A12 JS883 Φ(hilD'-lac+)139   Chubiz & Slauch, 2010 
KK-A13 JS2334 ϕ(rtsA’-‘lacZ)hyb6 4573742 - 4574496 Kim et al., 2019 
KK0904 JMS6506 PM1205 lacI'::PBAD-hilAmt1'-'lacZ   Kim et al., 2019 
KK0925 JMS6507 PM1205 lacI'::PBAD-rtsAmt2'-'lacZ   Kim et al., 2019 
JRE331 JS248 ΔrtsA5 4561755 - 4560884  
Ellermeier & 
Slauch, 2008 
KK0931 JS2335 ϕ(hilA’-‘lacZ)hyb116 rne131::Cm    Kim et al., 2019 
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KK0932 JS2336 ϕ(rtsA’-‘lacZ)hyb6 rne131::Cm    Kim et al., 2019 
KK0933 JS2337 ϕ(hilA’-‘lacZ)hyb116 ΔrtsA5   Kim et al., 2019 
KK0934 JS2338 ϕ(hilA’-‘lacZ)hyb116 ΔrtsA5 rne131::Cm    Kim et al., 2019 
KK-A14 JS325 ϕ(rtsB'-lacZ+)6   Ellermeier & Slauch, 2008 
KK0939 JS2339 ϕ(rtsB'-lacZ+)6 rne131::Cm    Kim et al., 2019 
JS542 JS542 phoQ24   Miller & Mekalanos, 1990 
KK-A56 JS2192 phoQ24 ycfD612::Cm   Palmer et al., 2019 
KK0920 JS2340 ΔpinT::tet 4572735 - 4572805 Kim et al., 2019 
KK0940 JS2341 ϕ(hilA’-‘lacZ)hyb116 ΔpinT::tet   Kim et al., 2019 
KK0941 JS2342 ϕ(hilA’-‘lacZ)hyb116 phoQ24 ycfD612::Cm   Kim et al., 2019 
KK0942 JS2343 ϕ(hilA’-‘lacZ)hyb116 ΔpinT::tet phoQ24 ycfD612::Cm   Kim et al., 2019 
KK0943 JS2344 ϕ(rtsA’-‘lacZ)hyb6 ΔpinT::tet   Kim et al., 2019 
KK0944 JS2345 ϕ(rtsA’-‘lacZ)hyb6 phoQ24 ycfD612::Cm   Kim et al., 2019 
KK0945 JS2346 ϕ(rtsA’-‘lacZ)hyb6 ΔpinT::tet phoQ24 ycfD612::Cm   Kim et al., 2019 
TH-strain TH4054 LT2 flhC5456::MudJ   Clegg & Hughes, 2002 
CDE1641 JS2347 14028 flhC5456::MudJ   Kim et al., 2019 
KK1180 JS2348 Δcrp101::Cm 3629505 - 3630136 Kim et al., 2019 
KK1181 JS2349 14028 flhC5456::MudJ Δcrp::Cm   Kim et al., 2019 
DX1456 JS696 ϕ(fliZ’-lacZ+)8042 1759979 - 1759907 Lin et al., 2008 
JRE855 JS746 fliZ8041::tet 2044136 - 2044684  Lin et al., 2008 
KK1171 JS2350 ϕ(hilA’-‘lacZ)hyb116 fliZ8041::tet   Kim et al., 2019 
KK1155 JS2351 ϕ(hilD3’UTR-‘lacZ+)116 3039273 - 3041759 Kim et al., 2019 
KK1160 JS2352 ϕ(hilD3’UTR-‘lacZ+)116 ΔrtsA5   Kim et al., 2019 
CDE1980 JS252 ΔhilC113::Cm 3012135 - 3012976 
Ellermeier & 
Slauch, 2008 
KK0918 JS2353 ΔpinT::Cm 4572745 - 4572805 Kim et al., 2019 
KK0972 JS2354 ϕ(pinT'-lacZ+)   Kim et al., 2019 
JRE3014 JS1068 ΔphoPQ::cm 1317242 - 1319310 
Golubeva et al., 
2012 
KK0973 JS2355 ϕ(pinT'-lacZ+) phoQ24 ycfD612::Cm   Kim et al., 2019 
KK0974 JS2356 ϕ(pinT'-lacZ+) ΔphoPQ::cm   Kim et al., 2019 
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KK1172 JMS6508 PM1205 lacI'::PBAD-ssrA'-'lacZ   Kim et al., 2019 
KK1173 JMS6509 PM1205 lacI'::PBAD-ssrB'-'lacZ   Kim et al., 2019 
KK1109 JS2357 attλ::pDX1::hilA'-lacZ+ ΔpinT::Cm   Kim et al., 2019 
KK1110 JS2358 attλ::pDX1::hilA'-lacZ+ ∆spi1-2916::FRT   Kim et al., 2019 
KK1111 JS2359 attλ::pDX1::hilA'-lacZ
+ ∆spi1-2916::FRT 
ΔpinT::Cm   Kim et al., 2019 
KK1001   PM1205 lacI'::PBAD-ompD'-'lacZ     
KK1002   PM1205 lacI'::PBAD-ompD'-'lacZ pBRpLac     
KK1003   PM1205 lacI'::PBAD-ompD'-'lacZ pInvR     
KK1004   PM1205 lacI'::PBAD-hilD'-'lacZ pInvR     
KK1005   PM1205 lacI'::PBAD-hilC'-'lacZ pBRpLac     
KK1006   PM1205 lacI'::PBAD-hilC'-'lacZ pInvR     
KK1007   PM1205 lacI'::PBAD-rtsA'-'lacZ pBRpLac     
KK1008   PM1205 lacI'::PBAD-rtsA'-'lacZ pInvR     
KK1009   PM1205 lacI'::PBAD-hilA'-'lacZ pInvR-mt1     
KK1010   PM1205 lacI'::PBAD-hilA'-'lacZ pInvR-mt2     
KK0946   PM1205 lacI'::PBAD-hilAmt1'-'lacZ     
KK0947   PM1205 lacI'::PBAD-hilAmt2'-'lacZ     
KK0948   PM1205 lacI'::PBAD-hilAmt1'-'lacZ pBRpLac     
KK0949   PM1205 lacI'::PBAD-hilAmt1'-'lacZ pInvR     
KK0950   PM1205 lacI'::PBAD-hilAmt1'-'lacZ pInvR-mt1     
KK0951   PM1205 lacI'::PBAD-hilAmt2'-'lacZ pBRpLac     
KK0952   PM1205 lacI'::PBAD-hilAmt2'-'lacZ pInvR     
KK0953   PM1205 lacI'::PBAD-hilAmt2'-'lacZ pInvR-mt2     
KK1016   ϕ(hilA’-‘lacZ)hyb116 Δrne131::cm pBRpLac     
KK1035   ϕ(hilA’-‘lacZ)hyb116 Δrne131::cm pInvR     
KK1036   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -286) 
hilA 5'UTR L1 
truncation   
KK1037   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -221) hilA 5'UTR L2 truncation   
KK1038   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -156) 
hilA 5'UTR L3 
truncation   
KK1039   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -96) hilA 5'UTR L4 truncation   
KK1040   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-94 - -31) 
hilA 5'UTR R1 
truncation   
KK1041   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-159 - -31) hilA 5'UTR R2 truncation   
KK1042   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-224 - -31) 
hilA 5'UTR R3 
truncation   
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KK1043   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-284 - -31) 
hilA 5'UTR R4 
truncation   
KK1044   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -31) hilA 5'UTR truncation   
KK1045   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(+4 - +30) hilA 5'UTR ATG   
KK1046   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-126 - -106) 
hilA truncation 
20-1   
KK1047   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-106 - -86) hilA truncation 20-2   
KK1048   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-86 - -66) 
hilA truncation 
20-3   
KK1049   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-66 - -46) hilA truncation 20-4   
KK1050   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-46 - -26) 
hilA truncation 
20-5   
KK1051   PM1205 lacI'::PBAD-hilA'-'lacZ lacZ20 
hilA -20 - 0 
swap to lacZ   
KK1052   PM1205 lacI'::PBAD-hilA'-'lacZ lacZ-RBS hilA RBS swap to lacZ   
KK1053   PM1205 lacI'::PBAD-hilA'-'lacZ RBS-mut hilA RBSmt   
KK1054   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -286) pBR     
KK1055   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -286) pInvR     
KK1056   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -221) pBR     
KK1057   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -221) pInvR     
KK1058   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -156) pBR     
KK1059   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -156) pInvR     
KK1060   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -96) pBR     
KK1061   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -96) pInvR     
KK1062   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-94 - -31) pBR     
KK1063   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-94 - -31) pInvR     
KK1064   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-159 - -31) pBR     
KK1065   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-159 - -31) pInvR     
KK1066   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-224 - -31) pBR     
KK1067   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-224 - -31) pInvR     
KK1068   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-284 - -31) pBR     
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KK1069   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-284 - -31) pInvR     
KK1070   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -31) pBR     
KK1071   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-350 - -31) pInvR     
KK1072   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-126 - -106) pBR     
KK1073   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-126 - -106) pInvR     
KK1074   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-106 - -86) pBR     
KK1075   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-106 - -86) pInvR     
KK1076   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-86 - -66) pBR     
KK1077   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-86 - -66) pInvR     
KK1078   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-66 - -46) pBR     
KK1079   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-66 - -46) pInvR     
KK1080   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-46 - -26) pBR     
KK1081   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(-46 - -26) pInvR     
KK1112   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(+4 - +30) pBR     
KK1113   PM1205 lacI'::PBAD-hilA'-'lacZ Δ(+4 - +30) pInvR     
KK1114   PM1205 lacI'::PBAD-hilA'-'lacZ lacZ20 pBR     
KK1115   PM1205 lacI'::PBAD-hilA'-'lacZ lacZ20 pInvR     
KK1116   PM1205 lacI'::PBAD-hilA'-'lacZ lacZ-RBS pBR     
KK1117   PM1205 lacI'::PBAD-hilA'-'lacZ lacZ-RBS pInvR     
KK1118   PM1205 lacI'::PBAD-hilA'-'lacZ RBS-mut pBR     
KK1119   PM1205 lacI'::PBAD-hilA'-'lacZ RBS-mut pInvR     
KK1014   ΔompD::Tet     
KK1015   ΔinvR::cm     
KK0975   ϕ(hilD’-‘lacZ)hyb139 ΔompD::Tet     
KK0976   ϕ(hilD’-‘lacZ)hyb139 ΔinvR::cm     
KK0977   ϕ(hilA’-‘lacZ)hyb116 ΔompD::Tet     
KK0978   ϕ(hilA’-‘lacZ)hyb116 ΔinvR::cm     
KK0979   invR'-lacZ+     
KK0980   invR'-lacZ+ ΔhilD::cm     
KK0981   invR'-lacZ+ ΔhilA::cm     
KK0971   attλ::pDX1::hilA'-lacZ+ ΔinvR::cm     
KK0954   ΔhilD::cm hilD 5' deletion to iagB   
KK0955   ΔhilD3'UTRFL::cm1 
hilD 3'UTR 
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KK0956   ΔhilD3'UTR90::cm2 
hilD 3'UTR 
180 deletion to 
iagB (+90) 
  
KK0957   ΔhilD3'UTR180::cm3 




KK0958   ΔhilD3'UTRSL::cm4 




KK1154   attλ::pDX1::hilA'-lacZ+ ΔhilD3'UTRFL::cm1     
KK1156   ϕ(hilD3’UTR-‘lacZ+)117 hilD 3'UTR +90 fusion   
KK1157   ϕ(hilD3’UTR-‘lacZ+)118 hilD 3'UTR +180 fusion   
KK1158   ϕ(hilD3’UTR-‘lacZ+)119 hilD 3'UTR- fusion   
KK1159   ϕ(hilD5’UTR-‘lacZ+)120 hilD 5'UTR fusion   
KK1120   ϕ(hilD3’UTR-‘lacZ+)116 pBRpLac     
KK1121   ϕ(hilD3’UTR-‘lacZ+)116 pOxyS (Salmonella)     
KK1122   ϕ(hilD3’UTR-‘lacZ+)116 pChiX (Salmonella)     
KK1123   ϕ(hilD3’UTR-‘lacZ+)116 pSdsR (Salmonella)     
KK1124   ϕ(hilD3’UTR-‘lacZ+)116 pRybB (Salmonella)     
KK1125   ϕ(hilD3’UTR-‘lacZ+)116 pSpot42 (Salmonella)     
KK1126   ϕ(hilD3’UTR-‘lacZ+)119 pBRpLac     
KK1127   ϕ(hilD3’UTR-‘lacZ+)119 pOxyS (Salmonella)     
KK1128   ϕ(hilD3’UTR-‘lacZ+)119 pChiX (Salmonella)     
KK1129   ϕ(hilD3’UTR-‘lacZ+)119 pSdsR (Salmonella)     
KK1130   ϕ(hilD3’UTR-‘lacZ+)119 pRybB (Salmonella)     
KK1131   ϕ(hilD3’UTR-‘lacZ+)119 pSpot42 (Salmonella)     
KK1132   PM1205 lacI'::PBAD-hilD'-'lacZ pSdsR (Salmonella)     
KK1161   ϕ(hilD3’UTR-‘lacZ+)116 ΔrtsA5 pBRpLac     
KK1162   ϕ(hilD3’UTR-‘lacZ
+)116 ΔrtsA5 pSdsR 
(Salmonella)     
KK1163   ϕ(hilD3’UTR-‘lacZ
+)116 ΔrtsA5 pSpot42 
(Salmonella)     
KK1133   PM1205 lacI'::PBAD-hilC'-'lacZ pSdsR (Salmonella)     
KK1134   PM1205 lacI'::PBAD-rtsA'-'lacZ pSdsR (Salmonella)     
KK1135   ϕ(hilD3’UTR-‘lacZ+)117 pBRpLac     
KK1136   ϕ(hilD3’UTR-‘lacZ+)117 pSdsR (Salmonella)     
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KK1137   ϕ(hilD3’UTR-‘lacZ+)118 pBRpLac     
KK1138   ϕ(hilD3’UTR-‘lacZ+)118 pSdsR (Salmonella)     
KK1139   ΔproQ::cm     
KK1140   ϕ(hilD’-‘lacZ)hyb139 ΔproQ::cm     
KK1141   ϕ(hilA’-‘lacZ)hyb116 ΔproQ::cm     
KK1142   ϕ(hilA’-‘lacZ)hyb116 Δhfq11::cm     
KK1143   ϕ(hilD3’UTR-‘lacZ+)116 ΔproQ::cm     
KK1144   ϕ(hilD3’UTR-‘lacZ+)116 Δrne131::cm     
KK1145   ϕ(hilD3’UTR-‘lacZ+)116 Δhfq11::cm     
KK1146   ϕ(hilD3’UTR-‘lacZ+)119 ΔproQ::cm     
KK1147   ϕ(hilD3’UTR-‘lacZ+)119 Δrne131::cm     
KK1148   ϕ(hilD3’UTR-‘lacZ+)119 Δhfq11::cm     
Plasmid   Relevant Characteristics   Source or Reference 
pKD46   bla PBAD gam bet exo pSC101 oriTS    Lab stock 
pCP20   bla cat cI857 lPR flp pSC101 oriTS    Lab stock 
pKD3   bla FRT cat FRT PS1 PS2 oriR6K    Lab stock 
pKD4   bla FRT aph FRT PS1 PS2 oriR6K    Lab stock 
pBRplac   Amp
R, plac promoter based expression vector   
Guillier & 
Gottesman, 2006 
pPinT   
AatII-EcoRI pinT(Salmonella) containing 
fragment cloned into pBRplac   Kim et al., 2019 
pPinT-
mt1   
G7C, G8C, A9T, T10A, T11A, A12T site 
directed mutation in pPinT   Kim et al., 2019 
pPinT-
mt2   
G19T, G20T, T21A, G22C, T23A  site directed 
mutation in pPinT   Kim et al., 2019 
pFnrS-EC   
AatII-EcoRI fnrS(E.coli) containing fragment 




SM   
AatII-EcoRI fnrS(Salmonella) containing 
fragment cloned into pBRplac   Kim et al., 2019 
pFnrS-mt   T47G site directed mutation in pFnrS-SM   Kim et al., 2019 
pArcZ-
EC   
AatII-EcoRI arcZ(E.coli) containing fragment 




SM   
AatII-EcoRI arcZ(Salmonella) containing 
fragment cloned into pBRplac   Kim et al., 2019 
pArcZ-mt 
  
T65A, C66G, C67G, G71C, G72T, T73A, 
G74C, T75A site directed mutations in pArcZ-
SM   
Kim et al., 2019 
pInvR   
AatII-EcoRI invR(Salmonella) containing 
fragment cloned into pBRplac     
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pInvR-
mt1   T2C, C3G site directed mutation in pInvR     
pInvR-
mt2   
T8G, T9A, A10T, C11G site directed mutation 
in pInvR     
Table 2.1. Bacterial strains and plasmids. a Strain alias is the name of the strain as 
published in indicated reference. Strain name is the name of the strain as stored in the 
Slauch Laboratory freezers. 
b Unless otherwise noted, all strains are isogenic derivatives of 14028 wild-type 
c Numbers indicate the base pairs that are deleted (inclusive) as defined in the S. enterica 
serovar Typhimurium 14028 genome sequence (National Center for Biotechnology 
Information; CP001363.1). Brief description of deletion mutations is stated.  
d This study, unless otherwise noted. 
 
Table 2.2. Primers in this thesis. 
Name Primer Sequence 
F-AatII-ArcZ GACTGACGTCGTGCGGCCTGAAAACAGGACTGCGC  
R-EcoRI-ArcZ GACTGAATTCCCTGGGTGGCAAACGCGGAAAA  
F-AatII-FnrS GACTGACGTCGCAGGTGAATGCAACGTCAAGCGAT  
R-EcoRI-FnrS GACTGAATTCGACGCAGATAGTCTACAGGCAAAA  
F-mt-ArcZ TAAGCACGGCGCAGCCACGATTTGGCTCTACATGGCGCAGT ATTCGCGCACCCCGG  
R-mt-ArcZ CCGGGGTGCGCGAATACTGCGCCATGTAGAGCCAAATCGTG GCTGCGCCGTGCTTA  
F-mt-FnrS CGATGGGCGTTGCGCTCCATATTGACTTACTTCCTTTTTTGAA TTACT  
R-mt-FnrS AGTAATTCAAAAAAGGAAGTAAGTCAATATGGAGCGCAACGC CCATCG  
F-C-rne131-KO CTGGCGGTCGGCTTTGTATCAGCATTTACATGTAGGCTGGAG CTG  
R-C-rne131-KO ACCGTCGAAACAGCCGCGCCGAAAGCGGAATAACATATGAA TATCCTC  
F-hilD'-'lacZ Ecoli ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATAAG GAACATTAAAATAACAT  
R-hilD'-'lacZ Ecoli TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACAT GACTATTACTTACAAAGG  
F-hilD'-'lacZ mt1 TTTATCGCAACTCTCTACTGTTTCTCCATAAGGAACATTAAAA TAACATCAACAAAGGGT  
F-hilD'-'lacZ mt2 TTTTATCGCAACTCTCTACTGTTTCTCCATAAGGAACATTAAA ATATGTGGAACAAAGCC  
F-hilA'-'lacZ Ecoli ACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATAAAACTAA TCTCTATTGCAATGAGG  
R-hilA'-'lacZ Ecoli TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACCG ATACAGGAACAGGATTAA  
F-rtsA'-'lacZ Ecoli TTTTATCGCAACTCTCTACTGTTTCTCCATAGAAATGCAATAT AAAATAGCATTTTCCAT  
R-rtsA'-'lacZ Ecoli GTTTTCCCAGTCACGACGTTGTAAAACGACCTGGACAGGTGA GGGATTAAATACTTTTAG  
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Table 2.2. Continued 
Name Primer Sequence 
F-hilC'-'lacZ Ecoli CTTTTTATCGCAACTCTCTACTGTTTCTCCATGAGTTCCTTAT AGCACACAGGATAAAAT  
R-hilC'-'lacZ Ecoli AGGGTTTTCCCAGTCACGACGTTGTAAAACGACCTCAACTGA TTTATTCATTGAAGGCAA  
F-KO-fnr TCCTTCTCCGGGATAGCTCAGACTTACGCGCTCACCAAAAAG ATGTGTAGGCTGGAGCTG  
R-KO-fnr ATTTAACGATATGGCAGAAGATAACATCAATGGTTTAGCTGA CGTCATATGAATATCCTC  
F-KO-fnrS AGTCAATAAACCATCTACCTATTCGGGGCAATATCTCTCTCG CAGTGTAGGCTGGAGCTG  
R-KO-fnrS ATGTCATTCAGACTCTTAAAGGGTAGACGCAGATAGTCTACA GGCCATATGAATATCCTC  
F-KO-fnrS20 TGAATGCAACGTCAAGCGATGGGCGTTGCGCTCCATATTGTC TTATGTAGGCTGGAGCTG  
F-KO-ArcZ109  ATTCATGTAACAAATCATTTAGGATTTGCTATCTTAACTGCGT GCTGTAGGCTGGAGCTG  
R-KO-ArcZ109  GTCGCGGTGCTGAAAGCCTGGGTGGCAAACGCGGAAAAAAA ATGACATATGAATATCCTC  
F-ArcA-KO  ACCGGCTGTTTTTACAGTTTGGCGCCTGGGCCGAATGTAGG CTGGAGCTG  
R-ArcA-KO  CTGTTTCGATTTAGTTGGCAATTTAGGTAGCAAACCATATGAA TATCCTC  
F-KO-LoiA  ATGCAAACGTTAGAACGGTTTTTTCTTTTCGTTACGGGGTGTA GGCTGGAGCTG  
F-KO-spi14  AACGGACCAAATTATACAGGGATGTAACGCTATCACTCAGTC TGTGTAGGCTGGAGCTG  
R-KO-LoiA  AAAGCAGCACACTGTATTATACGTTAATTATGAGCCACAACG ATGCATATGAATATCCTC  
AO-ArcZ  GAATACTGCGCCAACACCAG  
AO-RrfA  CTACGGCGTTTCACTTCTGAGTTC  
hilD-CDS-F  ATGGAAAATGTAACCTTTGTAAGTAATAGTCATCAG  
hilD-CDS-R  TTAATGGTTCGCCATTTTTATGAATGTCGATGGCGT  
F-AatII-PinT GATCGACGTC AGTAACGGATTACTTTGTGGTGTAG 






















Table 2.2. Continued 
Name Primer Sequence 
KO-pinT-TC-F CATTGTTGGGGATATTTATGTTTTACTTACCTCAGTAACGGAT CCCTCTTGGGTTATCA 
KO-pinT-TC-R TGTTAATTATTACAGAGAGAGTTAATTTATAAAAAAAAGC TAGGTGGGTACGTTGGAGCC 
KO-crp-F ATGGTGCTTGGCAAACCGCAAACAGACCCGACTCTTGAATGGTTC TGTAGGCTGGAGCTG 
KO-crp-R TTAACGGGTGCCGTAGACGACGATGGTCTTGCC CATATGAATATCCTC 
KO-hilD3-F TGCCTTATTCACAGCGTAAGAATTCGTCCAGATGACACTATCTCC TGTAGGCTGGAGCTG 
KO-hilD3-R CAACCAGATTACGATGATAAAAAAATAATGCATATCTCCTCTCTC CATATGAATATCCTC 
KO-pinT10-F TTCATTGTTGGGGATATTTATGTTTTACTTACCTCAGTAACGGAT TGTAGGCTGGAGCTG 

















F-AatII-RprA GACTGACGTC ACGGTTATAAATCAACACATTGATTT 
R-EcoRI-RprA GACTGAATTC TTAAAAAAAAAGCCCATCGTAGGA 
F-AatII-SdSR GACTGACGTC GCAAGGCGATTTAGCCTGCATTAATG 
R-EcoRI-SdsR GACTGAATTC AAAAAGAGACCGAATACGATTCC 
F-AatII-CyaR GACTGACGTC GCTGAAAAACATAACCCATAAATGCTAG 
R-EcoRI-CyaR GACTGAATTC AAAAAATAAGCCTGCGTAAGGGAG 
F-AatII-OxyS GACTGACGTC AGAACGGAGCGGTTTCTCGTTTAACCCTTGA 
R-EcoRI-OxyS GACTGAATTC AAAAAAAAGCGGACCAGAGGTCCGCAA 
F-AatII-MicL GACTGACGTC ATGGCTGGTGCGGGGGTTCGTGCAAA 
R-EcoRI-MicL GACTGAATTC  AAAAAAAGGCCCCTGTTGAATTGGCAG 
F-AatII-MicC GACTGACGTC GTTATATGCCTTTATTGTCACATATT 
R-EcoRI-MicC GACTGAATTC AAAAAAAGCCCGAACATCCGTTCGGG 
F-AatII-GcvB GACTGACGTC ACTTCCTGAGCCGGAACGAAAAGTTTT 
R-EcoRI-GcvB GACTGAATTC AAAGCACCGCAATATGGCGGTGCTACATTA 
F-AatII-RybB GACTGACGTC CCACTGCTTTTCTTTGATGTCCCCAT 
R-EcoRI-RybB GACTGAATTC AAAAAACCCACCAACCTTGAAC 
F-AatII-1740 GACTGACGTC GCAGAAGAAGACTTACCCTATTTGC 
R-EcoRI-1740 GACTGAATTC GATACCTCTCCAATATTAGCGGAGAATAT 
F-AatII-770 GACTGACGTC GACGGCGAGCGCTTCATCG 
R-EcoRI-770 GACTGAATTC AAAAAGAAAAGGGGCCAGACG 
F-AatII-2030 GACTGACGTC AAGTAAAATCCGTGTGTCATG 
R-EcoRI-2030 GACTGAATTC AAAAGACCCCGCCAGGCGGG 
F-AatII-InvR GACTGACGTC GTCACTTTTACGGTTGGCCATTTGT 
R-EcoRI-InvR GACTGAATTC AAAAAAAGCAGCAGCGAGGTGC 
F-AatII-ChiX GACTGACGTC ATTAGGTCTTGGCAGTTGCGGCAAC 
R-EcoRI-ChiX GACTGAATTC TGGCCAATATCGCTATTGGCCCGTCAAA 
hilA_IR-int1-F AACATATAAACCCGAGCCCCATTAATATGACATTAAGCTCATAAT 
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Table 2.2. Continued 














F-InvR20-KO AATATAATTATTATAGCTATGGTCACTTTTACGGTTGGCCA TGTAGGCTGGAGCTG 
F-InvR25-KO ATATAATTATTATAGCTATGGTCACTTTTACGGTTGGCCATTTGT TGTAGGCTGGAGCTG 
R-InvR-KO TTCCCAAGTCTGGGAGGCCGTTCTTTATCACAAAT CATATGAATATCCTC 
F-OmpD-TC-KO ACACGCTAAGAAAATTATAAGGATTATTAAAATGA CTAAGCACTTGTCTCCTGTTTACTC 
R-OmpD-TC-KO GAAAGGACTGGCTTTGTATTCAGACTACAACAAAA TTAAGACCCACTTTCACATTTAAGT 
hilA L1-F ACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATAAAATCTGCACCAGGATATACGGCA 
hilA L2-F ACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATAAAAAACATGTCAGTTATTTAAAGC 
hilA L3-F ACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATAAAAGAGCCCGTAGAATATGACATT 
hilA L4-F ACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATAAAAGAATTACTGAAACAGTAGATT 
hilA R1-F AACCTGACCGTTAGTACTAACAGCAAAGAGAATACACTATTATCATGCCACATTT 
hilA R1-R AAATGTGGCATGATAATAGTGTATTCTCTTTGCTGTTAGTACTAACGGTCAGGTT 
hilA R2-F TCAAATGTTAAAAACATATAAACCCAAGAGAATACACTATTATCATGCCACATTT 
hilA R2-R AAATGTGGCATGATAATAGTGTATTCTCTTGGGTTTATATGTTTTTAACATTTGA 
hilA R3-F AAATGTGGCATGATAATAGTGTATTCTCTTGGTAATAATATTGTTATAACTAACT 
hilA R3-R AGTTAGTTATAACAATATTATTACCAAGAGAATACACTATTATCATGCCACATTT 
hilA R4-F ATTTAGATGCCCGGCGCTGACTCTCAAGAGAATACACTATTATCATGCCACATTT 







Table 2.2. Continued 




























F-hilD5UTR CAAAGGGATAATATGGAAAATGTAACCTTTGTAAGTAATAGTCAT TGTAGGCTGGAGCTG 
F-hilD3-270 TTTAAAACTACGCCATCGACATTCATAAAAATGGCGAACCATTAA TGTAGGCTGGAGCTG 
F-hilD3+90 TGCCTTATTCACAGCGTAAGAATTCGTCCAGATGACACTATCTCC TGTAGGCTGGAGCTG 
F-hilD3+180 TAATAATTTAAAATTCAGACTGCGCATTAACACGCTCTATCAGGA TGTAGGCTGGAGCTG 
F-hilD3+270 ATATCTATGGTAATTTAAAGTAAGGCTGATTATATAACACG TGTAGGCTGGAGCTGCTTC  
R-IagB-KO CAACCAGATTACGATGATAAAAAAATAATGCATATCTCCTCTCTC CATATGAATATCCTC 
KO-ProQ-F AAAAGTGTTCATGCCAGGCCTGGCCTCCGTTTCAG TGTAGGCTGGAGCTG 
KO-ProQ-R TGCTGCTTGTTGGCTACGTCCGTTGTAATCAGGAAATTTC CATATGAATATCCTC 
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Table 2.2. Continued 
Name Primer Sequence 
F-spf_AatII GCGT GACGTC GTAGGGTACAGAGGTAAGATGTTCTATCTTTCAG 
R-spf_EcoRI GCGA GAATTC TTATCCGGCCTACGGTGTGAGCGAAACTTT 
T7-InvR-F TAATACGACTCACTATAGG GTCACTTTTACGGTTGGCCATTTGTCTCTT 
InvR-R AAAAAAAGCAGCAGCGAGGTGCTGC 
T7-hilA-F TAATACGACTCACTATAGGG ACAAAACTAATCTCTATTGCAATGAGGCCAAGTTA 
hilA-R CGATACAGGAACAGGATTAAAATGTGGCAT 
Table 2.2 Primers in this thesis. 
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Chapter 3: Identification of sRNA regulators of SPI1 expression 
Introduction 
Various transcriptomic analyses in Salmonella have enabled discovery of ~350 
sRNAs and have identified their expression patterns under various growth conditions 
(Kroger et al., 2012, Sittka et al., 2008, Smirnov et al., 2016, Vogel, 2009, Kroger et al., 
2013, Srikumar et al., 2015, Hor et al., 2018). Many of these sRNA genes are located in 
various pathogenesis islands, including SPI1 (Colgan et al., 2016, Kroger et al., 2013). 
Expression of some sRNAs are induced in infection-relevant growth conditions such as 
the intra-macrophage environment or SPI1 inducing or inhibiting conditions (Kroger et 
al., 2013, Srikumar et al., 2015, Westermann et al., 2016).  
Several sRNAs have been implicated in the regulation of the SPI1 T3SS apparatus 
or associated effector proteins. Some sRNAs regulate genes encoding effector proteins. 
For example, IsrM regulates the sopA and hilE mRNAs and affects invasion and 
intracellular survival in Salmonella (Gong et al., 2011). PinT regulates expression of the 
SPI1 effectors sopE and sopE2 (Westermann et al., 2016) (Strain 14028 does not encode 
SopE (Zhang et al., 2002)). SgrS represses sopD expression via the conserved seed 
region of SgrS (Papenfort et al., 2012). Moreover, RNA chaperones such as CsrA, Hfq 
and ProQ are known to affect Salmonella virulence by affecting expression of both SPI1 
and SPI2 (Sittka et al., 2007, Smirnov et al., 2016, Westermann et al., 2019, Martinez et 
al., 2011, Holmqvist et al., 2016).  
Based on our genetic analyses and other studies, many environmental conditions 
control activation of the SPI1 T3SS with most of the regulatory signals affecting hilD 
expression at the posttranscriptional level (Ellermeier et al., 2005, Ellermeier & Slauch, 
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2007, Golubeva et al., 2012). We have identified a group of regulatory systems that affect 
hilD translation, but the exact mechanisms remain unclear (Ellermeier & Slauch, 2007, 
Golubeva et al., 2012). Two studies showed that the RNA binding protein, CsrA, 
represses hilD expression at posttranscriptional level by binding near at AUG initiation 
codon of hilD mRNA (Martinez et al., 2011, Hung et al., 2019). Moreover, several 
studies have shown that both sRNA (Spot42) and protein regulators (RNase E and Gre 
factors) affect hilD expression by affecting the stability of the hilD 3’ UTR (Lopez-
Garrido et al., 2014, Gaviria-Cantin et al., 2017, El Mouali et al., 2018). However, there 
have been no sRNA regulators identified that control the SPI1 T3SS directly via hilD or 
hilA.  
In this chapter, we describe our overall screening methods and results to identify 
sRNA regulators of SPI1. We initially utilized a library of 23 E. coli sRNAs that are 
highly conserved between E. coli and Salmonella to find sRNA regulator in the SPI1 
regulation. In addition, by using bioinformatic prediction and genetic analyses with 
various lacZ reporter fusions, we identified both direct and indirect sRNA regulators of 
SPI1. Most of these sRNAs are negative regulators of either hilD or hilA translation. A 
few sRNAs increases hilA expression, but by seemingly indirect regulation mechanisms. 
In later chapters of this thesis, we describe the more detailed analysis of several of these 







Using a sRNA library from E. coli to identify sRNA regulators of SPI1 expression  
We previously showed that multiple regulatory signals feed into the SPI1 T3SS 
system by affecting hilD at the post-transcriptional level (Golubeva et al., 2012). We 
hypothesized that some of this regulation is mediated through sRNAs. Alternatively, 
sRNA regulators could directly regulate hilA translation to affect SPI1 expression. To 
identify direct sRNA regulators of hilD or hilA translation, we took advantage of an E. 
coli sRNA library that includes key sRNA regulators of cellular physiology (Mandin & 
Gottesman, 2010), and virulence gene control (Vogel, 2009). This library has been 
widely used to find more expanded physiological roles and mechanisms of sRNAs in E. 
coli (De Lay & Gottesman, 2012, De Mets et al., 2019, Lee & Gottesman, 2016, Mandin 
& Gottesman, 2010, Parker et al., 2017, Parker & Gottesman, 2016). The sRNAs 
included in this library are highly conserved between E. coli and Salmonella. 
We initially tested the E. coli sRNA library for effects on a hilD’-‘lacZ or hilA’-
‘lacZ translational fusion in Salmonella. The fusion strains are described in Figure 2.1.A. 
Each of these Salmonella fusion constructs is controlled by native promoter with lacZ 
fused in frame to amino acid 10 (hilD) or 27 (hilA). Plasmids encoding one of 22 sRNAs 
from E. coli under control of a lac promoter (Mandin & Gottesman, 2009) were each 
introduced into the hilD’-‘lacZ or hilA’-‘lacZ translational fusion strains. As shown in 
figure 3.1.A, three sRNAs, RprA, ArcZ and FnrS, caused a ~2-fold repression of the 
hilD’-‘lacZ fusion in Salmonella. Seven sRNAs, MicC, RybB, OmrB, OxyS, ArcZ, 
RprA, and FnrS, significantly repressed hilA’-‘lacZ fusion expression, while and four 
sRNAs, ChiX, CyaR, RyhB, and SdsR, increase the expression level of hilA’-‘lacZ fusion 
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in Salmonella (Figure 3.1.B). Based on the regulatory function of HilD on hilA 
activation, the repressive effects of three of these sRNAs, (RprA, ArcZ, and FnrS), are 
apparently explained by their effects on HilA depending on HilD. 
We then created a PBAD-hilD’-‘lacZ translational fusion in E. coli under the 
control of an arabinose-inducible promoter (Mandin & Gottesman, 2009). The hilD 
translational fusion contains the 35-nt 5’ UTR and the first 11 codons of hilD fused in 
frame to lacZ (Figure 2.1.C). This is analogous to the in-locus hilD’-‘lacZ fusion that we 
have used in Salmonella; our previous studies showed that this region of hilD is sufficient 
for the observed post-transcriptional regulation (Golubeva et al., 2012). Repeating our 
initial screening in E. coli reduced the complications imposed by the complex feed-
forward loop controlling SPI1 gene expression in Salmonella (Golubeva et al., 2012, 
Ellermeier et al., 2005). Each sRNA plasmid in the library was introduced into the E. coli 
PBAD-hilD’-‘lacZ fusion strain. Strains were cultured in low salt LB (LSLB) with 100 μM 
IPTG to induce expression of the sRNA and 0.001% arabinose to induce the reporter 
fusion and β-galactosidase activity was measured. Most of the sRNAs in the library 
conferred no significant regulatory phenotype. In contrast, overexpression of MicC, 
RydC, FnrS and ArcZ significantly repressed the PBAD-hilD’-‘lacZ fusion in E. coli 
(Figure 3.1.C).  
Despite the conservation between this set of sRNAs in E. coli and Salmonella, we 
cloned the putative hilD repressing sRNAs including micC, rydC, rprA, fnrS and arcZ 
from Salmonella Typhimurium strain 14028 into the pBRpLac and transformed the 
resulting plasmids into the pertinent fusion strains. We observed significant repression by 
the sRNAs from both E. coli and Salmonella in hilD’-‘lacZ fusion (Figure 3.2.A). Also, 
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when we tested hilA regulating sRNAs including sdsR, oxyS, and cyaR from Salmonella 
Typhimurium 14024 in either hilD’-‘lacZ or hilA’-‘lacZ fusion in Salmonella (Figure 
3.2.C and D), we observed similar regulatory effect directly in hilA’-‘lacZ fusion in 
Salmonella. Therefore, using an E. coli sRNA plasmids library, we identified various 





Figure 3.1. Continued 
Figure 3.1. Screen for sRNAs that repress hilD translation using E. coli sRNA library. 
β-galactosidase activity in Salmonella strains containing the A. hilD’-‘lacZ and B. hilA’- 
‘lacZ translational fusion and plasmids overexpressing 23 sRNAs grown in SPI1 inducing 
conditions. C. β-galactosidase activity in E. coli strains containing PBAD-hilD’-‘lacZ 
translational fusion and plasmids overexpressing 23 sRNAs grown in the presence of 100 
μM IPTG and 0.001% arabinose to induce the sRNA expression and the fusion lacZ protein 
expression, respectively. β-galactosidase activity units are defined as (μmol of ONP formed 
min–1) × 106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation 




Figure 3.2. sRNAs from both E. coli and Salmonella affect hilD or hilA exprssion. β-
galactosidase activity in Salmonella strains containing the (A or C) hilD’-‘lacZ and (B or 
D) hilA’-‘lacZ translational fusion and plasmids overexpressing sRNAs from either E. 
coli(EC) or Salmonella (Sal) grown in SPI1 inducing conditions. β-galactosidase activity 
units are defined as (μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) 
and are reported as mean ± standard deviation where n = 4. Strains used: KK0225, KK0227, 
KK0228, KK0231, KK0246 through KK0249, KK0251, KK0252, KK0255, KK0270 




Rationale for sRNA prediction and experimental verification to identify sRNA 
regulators of SPI1 
To predict additional direct sRNA regulators of hilD or hilA translation that affect 
SPI1 expression, we utilized various bioinformatic tools including IntaRNA, TargetRNA, 
and Starpicker (Busch et al., 2008, Backofen & Hess, 2010). The hilD mRNA contains a 
35 nt 5’ UTR and a 309 nt 3’ UTR, while hilA contains a 350 nt 5’ UTR. We delineated 
the pertinent regions of hilD and hilA to include the entire 5’ UTR sequences plus the 
first 10 codons, and the entire 3’ UTR region of hilD downstream from the stop codon. 
We performed bioinformatic predictions, initially using IntaRNA, between all 348 
Salmonella sRNAs and the UTRs of hilD and hilA. Depending on the prediction results, 
we further carried out bioinformatic predictions using TargetRNA and Starpicker (Kery 
et al., 2014, Ying et al., 2011). We chose the sRNAs that were predicted to bind the 
region near ribosome binding site (RBS) or AUG initiation codon of hilD or hilA 5’ UTR. 
For the predictions between all sRNAs and the hilD 3’ UTR, we used a cut off of seven 
nucleotide of minimal seed region, which is the key region for direct base pairing 
interaction between a sRNA and mRNA (Balbontin et al., 2010, Papenfort et al., 2010). 
The prediction results are summarized in Table 3.1-3. Also, Dr. Patrick Degnan 
performed SPOT prediction between all of the UTRs of hilD or hilA and sRNAs in 
Salmonella (Table 3.4-6) (King et al., 2019). We then cloned the putative 109 sRNAs 
from Salmonella Typhimurium strain 14028 into the pBRplac vector, representing 
approximately one-third of all the predicted Salmonella sRNAs. We introduced the 
plasmids producing each sRNA initially into the Salmonella hilA’-‘lacZ translational 
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fusion strain. This should identify sRNAs that affect hilA expression directly or anywhere 
upstream in the regulatory cascade. For those sRNAs that affected expression of the 
hilA’-‘lacZ fusion, we repeated the experiment in the Salmonella hilD’-‘lacZ fusion strain 




Figure 3.3. sRNAs directly repress hilD expression. β-galactosidase activity in 
Salmonella strains containing the A. hilD’-‘lacZ and B. hilA’-‘lacZ translational fusion and 
plasmids overexpressing each sRNA grown in SPI1 inducing conditions C. β-galactosidase 
activity in E. coli strains containing C. PBAD-hilD’-‘lacZ translational fusion and plasmids 
overexpressing each sRNA grown in the presence of 100 μM IPTG and 0.001% arabinose 
to induce the sRNA expression and the fusion lacZ protein expression, respectively. β-
galactosidase activity units are defined as (μmol of ONP formed min–1) × 106/(OD600 × ml 
of cell suspension) and are reported as mean ± standard deviation where n = 4. Strains used: 




Identification of sRNAs that repress hilD translation in Salmonella 
Among the sRNAs that we tested, five sRNAs, including MicL, MicC, ArcZ, 
GcvB, and FnrS, repressed expression of the hilD’-‘lacZ fusion in Salmonella (Figure 
3.3.A). These sRNAs also caused a more severe repression of the hilA’-‘lacZ fusion in 
Salmonella due to the regulation by HilD (Ellermeier et al., 2005). To test whether these 
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sRNAs affect hilD translation directly, we measured the effect of overexpression on 
expression of PBAD-hilD’-‘lacZ in E. coli (Figure 3.3.C). All five sRNAs conferred a 
significant decrease in hilD’-‘lacZ fusion expression in E. coli. Thus, we concluded that 
the five sRNAs directly repress hilD translation to control SPI1 expression. 
 
Identification of sRNAs that regulate hilA translation in Salmonella 
Throughout our initial screening to identify sRNA regulators in SPI1 regulation, 
we also found a group of sRNAs that affect hilA expression directly. In figure 3.4.A, six 
sRNAs, including RybB, STnc1740, STnc770, STnc2030, InvR and PinT, showed no 
effect on the hilD’-‘lacZ fusion in Salmonella. However, these sRNAs significantly 
decreased in hilA’-‘lacZ fusion expression in Salmonella (Figure 3.4.B). When we tested 
these sRNAs in the E. coli PBAD-hilA’-‘lacZ fusion strain in E. coli, STnc 2030, InvR, and 
PinT still repressed hilA translation, suggesting that these three sRNAs are direct 
regulators of hilA translation. We also found that four sRNAs, including SdsR, OxyS, 
ChiX, and RyhB1, significantly increased expression of the hilA’-‘lacZ fusion in 
Salmonella, but did not affect expression of the hilD’-‘lacZ fusion  (Figure 3.5.A and B). 
However, none of the sRNAs showed any significant effect on the PBAD-hilA’-‘lacZ 
fusion in E. coli (Figure 3.5.C). Thus, we concluded that these sRNAs act indirectly to 
affect hilA expression, possibly through the hilD 3’UTR. 
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Figure 3.4. sRNAs directly repress hilA expression. β-galactosidase activity in 
Salmonella strains containing the A. hilD’-‘lacZ and B. hilA’-‘lacZ translational fusion and 
plasmids overexpressing each sRNA grown in SPI1 inducing conditions. C. β-
galactosidase activity in E. coli strains containing C. PBAD-hilA’-‘lacZ translational fusion 
and plasmids overexpressing each sRNA grown in the presence of 100 μM IPTG and 0.001% 
arabinose to induce the sRNA expression and the fusion lacZ protein expression, 
respectively. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 
n = 4. Strains used: KK0225, KK0249, KK0401 through KK0419. 
 
 
Figure 3.5. sRNAs indirectly increase hilA expression. β-galactosidase activity in 
Salmonella strains containing the A. hilD’-‘lacZ and B. hilA’-‘lacZ translational fusion and 
plasmids overexpressing each sRNA grown in SPI1 inducing conditions. C. β-
galactosidase activity in E. coli strains containing C, PBAD-hilA’-‘lacZ translational fusion 
and plasmids overexpressing each sRNA grown in the presence of 100 μM IPTG and 0.001% 
arabinose to induce the sRNA expression and the fusion lacZ protein expression, 
respectively. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 
n = 4. Strains used: KK0225, KK0249, KK0279, KK0281, KK0301, KK0303, KK0401, 
KK0442 through KK0449. 
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Discussion 
 In Salmonella, more than 350 sRNAs have been discovered, but only a small 
number of these are characterized in terms of physiology and pathogenesis in Salmonella 
(Chao et al., 2012, Chao & Vogel, 2016, Sittka et al., 2008, Smirnov et al., 2016, Vogel, 
2009, Kroger et al., 2013, Srikumar et al., 2015). HilD is the dominant transcriptional 
activator of hilA, and the signal integrator for many of the environmental and regulatory 
factors that affect SPI1 expression (Ellermeier et al., 2005, Golubeva et al., 2012). We 
had previously identified several regulatory systems that act at the level of hilD 
translation, but the actual mechanism was not known (Golubeva et al., 2012). We 
hypothesized that some of these systems would control hilD via sRNAs. We also sought 
to identify direct sRNA regulators of hilA translation.  
 From our screening of a sRNA library from E. coli, various bioinformatic 
predictions, and further genetic analyses, we have identified a number of sRNAs 
affecting either hilD or hilA expression, presumably via direct base pairing interactions. 
There are several examples of a single mRNA being regulated by multiple sRNAs, such 
as the rpoS, flhD, ompC, ompD, csgD and sodB mRNAs (De Lay & Gottesman, 2012, 
Mika & Hengge, 2014, Frohlich et al., 2012, Papenfort et al., 2010, Pfeiffer et al., 2009, 
Guillier et al., 2006). Similarly, we have shown that five sRNAs, FnrS, ArcZ, MicC, 
MicL, and GcvB, regulate hilD translation with the predicted base pairing regions of all 
sRNAs positioned between the ribosome binding sites (RBS) and AUG initiation codon. 
We confirmed that two of the sRNAs (FnrS and ArcZ) require the predicted base pairing 
interaction to repress hilD translation using genetic analyses (Chaprter 4). Three sRNAs, 
PinT, InvR and STnc2030, negatively regulate hilA translation. PinT is predicted to bind 
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the early coding region of hilA mRNA, but InvR and STnc2030 are predicted to bind 
more than 100 nt upstream of the RBS, suggesting non-canonical mechanisms of 
regulation by these two sRNAs. We have genetically proven that PinT and InvR directly 
interact with the hilA mRNA to mediate repression (Chapters 5 and 6). An additional 
three sRNAs, STnc770, STnc1740, and RybB, also repress hilA expression, but 
apparently act indirectly. Lastly, four sRNAs, SdsR, OxyS, ChiX, and RyhB1, increase 
hilA translation via indirect mechanism. It is possible that these sRNAs act by affecting 
the stability of the hilD 3’ UTR. In particular, we provide more evidence regarding SdsR 
as a novel sRNA regulator of hilD 3’ UTR (Chapter 7). In summary, we successfully 
identified various sRNAs that regulate hilD or hilA expression either directly or indirectly 
to contribute to SPI1 expression. These sRNAs link various environmental signals or 
indirect post-transcriptional regulators into the complex SPI1 regulatory model (Figure 
3.6). 
 
Figure 3.6. Genetic model of the regulation of SPI1 T3SS by multiple sRNAs. 
Simplified regulatory model of the SPI1 T3SS and related regulators. Blue lines indicate 
transcriptional regulation, green lines indicate regulation at the protein level, red lines 
indicate regulation at posttrascriptional level. Dotted lines indicate that the exact 
mechanism of regulation is not known and is likely indirect.  
 73 
 sRNA sRNA binding 
hilD 5' 





1 sRNA12 72 - 80 -26 - -18 Yes 20 STnc3620 40 - 47 -33 - -26  
2 STnc1130 6 - 23 -34 - -16 Yes 21 STnc3630 1 - 23 13 - 36  
3 STnc1150 81 - 88 -12 - -5 Yes 22 STnc3640 183 - 199 -33 - -16 Yes 
4 STnc1310 48 - 54 6 - 12  23 STnc3750 14 - 20 8 - 14 Yes 
5 STnc1540 62 - 68 -35 - -28  24 STnc3760 82 - 88 -32 - -26  
6 STnc1550 5 - 12 -25 - -18 Yes 25 STnc3790 42 - 48 -35 - -29  
7 STnc1650 5 - 13 -6 - 3  26 STnc3920 187 - 195 -33 - -25 Yes 
8 STnc1820 94 - 108 -9 - 4  27 STnc3960 16 - 22 5 - 11  
9 STnc1830 209 - 216 -35 - -28  28 STnc3990 56 - 71 -4 - 10  
10 STnc2030 9 - 29 -11 - 4 Yes 29 STnc4040 72 - 89 -11 - 4  
11 STnc2090 114 - 120 -10 - -4 Yes 30 STnc4100 11 - 19 3 - 11  
12 STnc3010 51 - 69 13 - 29 Yes 31 STnc4130 43 - 56 -10 - 3 Yes 
13 STnc310 8 - 14 -4 - 2  32 STnc4140 51 - 73 13 - 36  
14 STnc3250 104 - 126 12 - 36 Yes 33 STnc4170 28 - 34 -8 - -2  
15 STnc3300 59 - 75 14 - 30 Yes 34 STnc470 31 - 38 -4 - 3  
16 STnc3330 18 - 27 1 - 10 Yes 35 FnrS 28 - 40 -8 - 5 Yes 
17 STnc3340 11 - 21 1 - 10 Yes 36 STnc870 2 - 8 2 - 8  
18 STnc3490 36 - 43 2 - 9  37 STnc890 29 - 36 2 - 9  
19 STnc350 89 - 114 14 - 40       
Table 3.1. Basepairing prediction result between hilD 5’ UTR and Salmonella sRNAs. 
 





1 ChiX 6 - 43 59 - 91 Yes 16 STnc1880 33 - 87 205 - 254 Yes 
2 GcvB 8 - 33 252 - 279 Yes 17 STnc3070 6 - 40 239 - 273 Yes 
3 GlmZ 121 - 148 92 - 123 Yes 18 STnc3080 86 - 134 251 - 281 Yes 
4 IsrH_1_2 198 - 254 223 - 282 Yes 19 STnc3120 92 - 131 88 - 123  
5 IsrK 17 - 46 239 - 277 Yes 20 STnc3150 238 - 271 65 - 101  
6 IsrP 27 - 64 241 - 285 Yes 21 STnc3210 13 - 43 3 - 29  
7 RybA 41 - 63 245 - 271 Yes 22 STnc3220 30 - 55 249 - 277  
8 SraF 4 - 46 235 - 272  23 STnc3250 86 - 134 240 - 274  
9 SroG 70 - 90 265 - 285 Yes 24 STnc3330 38 - 62 77 - 103 Yes 
10 STnc1040 4 - 33 63 - 94  25 STnc3440 5 - 32 248 - 283 Yes 
11 STnc1130 7 - 32 234 - 262 Yes 26 STnc3540 77 - 107 237 - 261  
12 STnc1160 34 - 57 275 - 302  27 STnc3730 36 - 68 69 - 103  
13 STnc1330 17 - 82 66 - 121  28 STnc3830 23 - 52 233 - 277 Yes 
14 STnc150 9 - 31 159 - 185 Yes 29 STnc3850 28 - 56 163 - 188  
15 STnc1660 75 - 123 195 - 246 Yes 30 STnc3990 4 - 41 78 - 123  






 sRNA sRNA binding hilA 5' UTR Test  sRNA 
sRNA 
binding hilA 5' UTR Test 
1 InvR 1 - 13 -131 - -145 Yes 26 STnc3280 52 - 70 0 - 16  
2 RydB 21 - 39 -4 - 14 Yes 27 STnc3340 2 - 27 -55 - -26 Yes 
3 RygC 80 - 96 -17 - 3 Yes 28 STnc3400 4 - 88 -106 - -24 Yes 
4 RygD 80 - 95 -10 - 3 Yes 29 STnc3420 31 - 77 -5 - 62  
5 STnc1090 45 - 67 -78 - -51  30 STnc3480 201 - 221 -2 - 21  
6 STnc1270 18 - 52 -32 - 18 Yes 31 STnc3530 137 - 171 0 - 35  
7 STnc1310 1 - 26 -54 - 27  32 STnc3600 12 - 24 -7 - 5  
8 STnc1410 132 - 173 0 - 52  33 STnc3610 9 - 22 -8 - 6  
9 STnc1480 3 - 33 -12 - 17  34 STnc3730 21 - 62 16 - 61  
10 STnc150 36 - 91 -2 - 62 Yes 35 STnc3760 26 - 41 -2 - 25  
11 STnc1690 30 - 39 -6 - 3  36 STnc380 2 - 16 1 - 21  
12 STnc1700 67 - 85 -25 - -8 Yes 37 STnc3860 85 - 97 -24 - -13  
13 STnc1740 82 - 132 -42 - 20 Yes 38 STnc3870 115 - 139 18 - 56 Yes 
14 STnc1880 2 - 61 -27 - 64 Yes 39 STnc3950 24 - 40 -31 - -15  
15 STnc1990 69 - 104 -8 - 25 Yes 40 STnc3990 4 - 40 2 - 30  
16 STnc2010 53 - 84 -20 - 22  41 STnc4100 18 - 45 18 - 52  
17 STnc2090 100 - 112 -33 - -20  42 STnc4110 8 - 31 18 - 43  
18 STnc3000 21 - 47 1 - 30  43 STnc4200 49 - 68 16 - 31  
19 STnc3080 34 - 62 -2 - 30  44 STnc4230 5 - 45 -12 - 30 Yes 
20 STnc3100 46 - 75 -50 - -24  45 STnc4260 30 - 65 -3 - 25  
21 STnc3140 47 - 72 -60 - -24  46 STnc440 1 - 44 -17 - 23 Yes 
22 STnc3150 81 - 117 -30 - 1  47 STnc540 33 - 68 -45 - -10 Yes 
23 STnc3200 14 - 38 13 - 47 Yes 48 STnc740 6 - 48 -60 - -22 Yes 
24 STnc3230 24 - 60 2 - 45  49 tpke70 331 - 352 -60 - -36  
25 STnc3250 78 - 96 10 - 28       
















 sRNA sRNA binding 
hilD 5' 
UTR Test 
 sRNA sRNA binding 
hilD 5' 
UTR Test 
1 FnrS 28 - 40 -8 - 5 Yes 8 STnc1990 1 - 10 -1 - -10 Yes 
2 GcvB 74 - 93 -32 - -15 Yes 9 STnc320 28 - 40 -8 - 4 Yes 
3 IsrL 284 - 300 -11 - 4 Yes 10 STnc3920 192 - 200 -33 - -25 Yes 
4 RybB 19 - 28 -33 - -23 Yes 11 STnc550 5 - 18 3 - 13  
5 STnc100 75 - 85 -34 - -24  12 STnc810 28 - 39 -8 - 4  
6 STnc1130 11 - 28 -34 - -16 Yes 13 Tp2 3 - 40 -22 - 20  
7 STnc1550 1 - 9 -34 - -26 Yes 14 YnhF 159 - 172 -9 – 5  
Table 3.4. Basepairing prediction result between hilD 5’ UTR and Salmonella sRNAs using SPOT (In 
courtesy of Dr. Patrick Degnan. 
 
 sRNA sRNA binding 
hilD 3' 





1 CsrC 157 - 172 69 - 83  18 STnc180 10 - 17 42 - 51 Yes 
2 InvR 27 - 36 237 - 246 Yes 19 STnc3030 20 - 34 1 - 17  
3 RUF_107c.102 1 - 22 93 - 116  20 STnc3030 70 - 101 91 - 124  
4 RUF_111 92 - 101 117 - 126  21 STnc3050 126 - 138 85 - 98  
5 RyfD 127 - 145 241 - 262 Yes 22 STnc3210 18 - 48 3 - 29  
6 SraL 86 - 94 78 - 86 Yes 23 STnc3310 72 - 82 75 - 85  
7 sRNA16 71 - 80 9 -18  24 STnc3540 82 - 112 237 - 261  
8 SroC 55 - 62 115 - 122  25 STnc3600 8 - 34 235 - 262  
9 SroG 75 - 95 264 - 284 Yes 26 STnc3790 27 - 42 63 - 79  
10 STnc100 32 - 45 232 - 249  27 STnc4010 4 - 34 83 - 103  
11 STnc1290 98 - 118 76 - 94  28 STnc4200 81 - 93 85 - 97 Yes 
12 STnc1330 22 - 84 70 - 121  29 STnc4250 89 - 103 77 - 91  
13 STnc150 61 - 125 35 - 86  30 STnc550 100 - 149 238 - 302  
14 STnc1500 7 - 17 63 - 73 Yes 31 STnc740 4 - 21 256 - 273 Yes 
15 STnc1510 87 - 93 298 - 304  32 StyR-199 27 - 49 242 - 264  
16 STnc1590 67 - 104 59 - 94  33 Tpke11 75 - 96 1 - 23  
17 STnc1740 3 - 13 3 - 13 Yes      
Table 3.5. Basepairing prediction result between hilD 3’ UTR and Salmonella sRNAs using SPOT (In 
courtesy of Dr. Patrick Degnan.  
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 sRNA sRNA binding hilA 5' UTR Test 
 sRNA sRNA binding hilA 5' UTR Test 
1 T44 85 - 95 -134 - -146  21 STnc1990 77 - 109 -8 - 23 Yes 
2 Art200 89 - 103 -192 - -209 Yes 22 STnc2010 88 - 103 -197 - -171  
3 CsrC 11 - 27 14 - 29  23 STnc2090 170 - 182 9 - 21 Yes 
4 DsrA 17 - 26 -266 - -279 Yes 24 STnc290 33 - 48 -143 - -129  
5 IsrG 136 - 149 -265 - -252 Yes 25 STnc3050 11 - 24 -12 - 6  
6 IsrH_1_2 393 - 437 -294 - -245 Yes 26 STnc3080 41 - 50 18 - 29 Yes 
7 IsrI 8 - 27 7 - 29 Yes 27 STnc3300 69 - 76 -281 - -274  
8 IsrK 18 - 32 -298 - -285 Yes 28 STnc3350 10 - 20 2 - 12  
9 IsrN 11 - 30 -162 - -142  29 STnc3480 206 - 226 -2 - 22  
10 IsrP 17 - 44 -294 - -255 Yes 30 STnc3540 68 - 92 -297 - -277  
11 RybA 37 - 22 -65 - -52  31 STnc4000 44 - 51 -29 - -22  
12 RydB 18 - 52 -294 - -257 Yes 32 STnc4070 13 - 34 -269 - -246  
13 RygD 94 - 102 -277 - -269 Yes 33 STnc4230 15 - 41 2 - 28  
14 STnc1270 143 - 153 -263 - -253  34 STnc4240 120 - 137 -341 - -323  
15 STnc1320 61 - 71 -297 - -287  35 STnc4260 35 - 64 3 - 26  
16 STnc1330 73 - 91 -102 - -86  36 PinT 5 - 28 1 - 25 Yes 
17 STnc1340 36 - 45 -114 - -105  37 STnc490 83 - 98 -194 - -209  
18 STnc1740 93 - 123 -285 - -263 Yes 38 STnc620 94 - 102 -277 - -269  
19 STnc1880 38 - 50 -56 - -72 Yes 39 STnc740 11 - 52 -59 - -22 Yes 
20 STnc1890 33 - 43 -263 - -253  40 STnc920 17 - 26 -109 - -99  
     41 Y RNA-like 7 - 23 -194 - -178  
Table 3.6. Basepairing prediction result between hilA 5’ UTR and Salmonella sRNAs using SPOT (In 
courtesy of Dr. Patrick Degnan.  
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Chapter 4: Oxygen-dependent regulation of hilD translation by FnrS and ArcZ 
Introduction 
Low oxygen tension and high osmolarity are conditions traditionally used to 
induce the SPI1 T3SS (Jennewein et al., 2015, Ellermeier & Slauch, 2007, Tartera & 
Metcalf, 1993, Lee & Falkow, 1990, Ni Bhriain et al., 1989). Salmonella primarily 
utilizes two major regulators, Fnr and the ArcAB two-component system, to adapt to 
oxygen-related environmental changes (Troxell & Hassan, 2016, Lim et al., 2013, Fink et 
al., 2007). Fnr is directly inactivated by oxygen via oxidation of its 4Fe-4S cluster 
(Khoroshilova et al., 1997). Fnr is known to affect expression of the SPI1 T3SS (Fink et 
al., 2007, Golubeva et al., 2012). Our previous data suggest that Fnr negatively regulates 
SPI1 by repressing hilA expression, but the mechanism is unclear (Golubeva et al., 2012). 
In the mouse model, fnr mutants show a mild loss of virulence (Craig et al., 2013).  
The activity of the ArcAB two-component system is influenced by oxygen 
availability (Lu et al., 2002, Georgellis et al., 2001). ArcB is a histidine sensor kinase, 
and controls the phosphorylation of ArcA, the response regulator. ArcB activity responds 
to the oxidation state of the quinone pool of the respiratory chain, thus acting as an 
indirect oxygen sensor (Bauer et al., 1999). ArcB phosphorylates ArcA under anaerobic 
conditions and dephosphorylates ArcA-P under aerobic conditions. ArcA-P controls 
expression of various genes including some involved in aerobic metabolism. ArcA also 
affects hilA expression under aerobic growth conditions, but the mechanism is unclear 
(Lim et al., 2013). Despite several links between oxygen sensing and regulation of SPI1 
gene expression, the overall mechanisms of oxygen-mediated control of SPI1 remain 
enigmatic.  
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Two sRNAs, FnrS and ArcZ, are produced in response to changes in oxygen 
tension. Data from E. coli and Salmonella show that FnrS is produced under anaerobic 
conditions due to Fnr-mediated activation of fnrS transcription, whereas ArcZ is 
produced primarily under aerobic conditions; its transcription is repressed anaerobically 
by ArcA-P (Mandin & Gottesman, 2010, Durand & Storz, 2010, Papenfort et al., 2009). 
FnrS represses genes related to aerobic metabolism and genes encoding products that 
protect cells from reactive oxygen species (Durand & Storz, 2010, Boysen et al., 2010). 
ArcZ regulates rpoS, csgD and eptB mRNAs along with several others encoding products 
related to aerobic metabolism (Mika & Hengge, 2014, Moon et al., 2013, Mandin & 
Gottesman, 2010, Papenfort et al., 2009).  
Here, we show that these two sRNAs, FnrS and ArcZ, provide missing links 
between environmental oxygen changes and changes in SPI1 gene expression. FnrS and 
ArcZ both inhibit hilD translation, thus leading to decreased expression of hilA and the 
SPI1 T3SS (Figure 4.1). We suggest that this dual repression of hilD by two sRNAs 
produced at different oxygen concentrations optimizes production of the SPI1 T3SS to 
intermediate oxygen tensions. This may be one mechanism by which Salmonella cells 
precisely control the production of the SPI1 T3SS at the right time and place within the 




Figure 4.1. Simplified model of the SPI1 T3SS regulatory circuit. Blue lines indicate 
transcriptional regulation, green lines indicate regulation of HilD at the protein level, and 
red lines indicate regulation of hilD translation. Dotted lines indicate that the exact 




Screening an E. coli sRNA library for regulators of hilD translation initiation 
We previously showed that multiple regulatory signals feed into the SPI1 T3SS 
system by affecting hilD at the post-transcriptional level (Golubeva et al., 2012). From 
our initial screening with E. coli sRNA library (Mandin & Gottesman, 2009) in PBAD-
hilD’-‘lacZ fusion in E. coli, five sRNAs including RydC, GcvB, MicC, ArcZ, and FnrS 
caused ~2-fold or greater decrease in hilD’-‘lacZ expression (Figure 3.1.C). We decided 
to study on FnrS and ArcZ. Both FnrS (122 nt) and the processed ArcZ (57 nt) are highly 
conserved between E.coli and Salmonella, each differing by only 2 nucleotides in the 
stem-loop of the terminators (Papenfort et al., 2009, Durand & Storz, 2010, Chao et al., 
2017). Despite this conservation, we cloned fnrS and arcZ from Salmonella 
Typhimurium strain 14028 into the pBRpLac. Overexpression of either the E.coli or 
Salmonella FnrS and ArcZ sRNAs led to decreased expression of the hilD’-‘lacZ fusion 
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in E. coli (Figure 4.2.A). We then introduced the plasmids producing the Salmonella and 
E. coli FnrS and ArcZ sRNAs into a Salmonella strain containing the in locus hilD’-‘lacZ 
fusion (similar fusion joint but under the hilD promoter; Figure 2.C). Overexpression of 
each of the sRNAs caused a >2-fold decrease in activity of the reporter fusion (Figure 
4.2.B). These data show that FnrS and ArcZ negatively regulate hilD translation.  
We then tested whether overexpression of FnrS or ArcZ also affected the 
expression of the SPI1 regulators HilC and RtsA, which act with HilD in the feed-
forward loop controlling hilA expression. Translational lacZ fusions to hilC and rtsA 
were created in E. coli. Overexpression of neither sRNA affected hilC or rtsA translation 
in E. coli (Figure 4.3.A and B), suggesting that these sRNAs only regulate hilD 
translation.  
To further examine effects of the sRNAs on SPI1 expression, we overexpressed 
FnrS or ArcZ in a Salmonella strain carrying a hilA’-lacZ+ transcriptional fusion. Both 
FnrS and ArcZ dramatically repressed hilA expression (Figure 4.2.C). This enhanced 
repression is consistent with a direct regulatory effect of each sRNA on hilD translation, 
which, due to the feed forward regulatory loop (Figure. 4.1), is expected to decrease 
expression of rtsA, hilC and dampen hilD autoregulation, all of which would lead to 
decreased transcription of hilA. Importantly, neither FnrS nor ArcZ affect expression of a 
hilA’-‘lacZ translational fusion in E coli (Figure 4.3.C), showing that these sRNAs do not 
directly control hilA expression. These data suggest that FnrS and ArcZ are direct sRNA 




Figure 4.2. FnrS and ArcZ downregulate SPI1 expression by repressing hilD 
translation. A. β-galactosidase activity in E. coli strains containing the hilD’-‘lacZ 
translational fusion and plasmids overexpressing FnrS or ArcZ from either E. coli (EC) 
and Salmonella (SM) grown in the presence of 100 μM IPTG and 0.001% arabinose to 
induce the sRNA expression and the fusion lacZ protein expression, respectively. β-
galactosidase activity in Salmonella strains containing B. a hilD’-‘lacZ translational fusion, 
or C. a hilA’-lacZ+ transcriptional fusion and plasmids overexpressing FnrS or ArcZ from 
either E. coli (EC) or Salmonella (SM) grown in SPI1 inducing conditions. β-galactosidase 
activity units are defined as (μmol of ONP formed min-1) x 106/(OD600 x ml of cell 
suspension) and are reported as mean ± standard deviation where n=3. Strains used: 
JMS6500, JS892, or JS749, each with plasmid pBRplac, pFnrS-EC, pFnrS-SM, pArcZ-EC, 
or pArcZ-SM. 
 
FnrS and ArcZ basepair directly with the hilD mRNA 
We hypothesized that FnrS and ArcZ regulate SPI1 via base pairing interactions 
with the hilD mRNA.  Computational prediction suggested that both FnrS and ArcZ bind 
to the hilD mRNA near the ribosome binding site (RBS) (Figure 4.4.A). To test these 
predictions, we performed mutational analyses using the PBAD-hilD’-‘lacZ fusion in E. 
coli. FnrS nts 37 to 49 are predicted to basepair with hilD mRNA from nts -8 to +5 
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relative to the initiation AUG (Figure 4.4.A). Consistent with this prediction, a mutant 
FnrS G47C was not able to regulate wild type hilD’-‘lacZ (Figure 4.4.B). A 
compensatory mutation at position -6 in the hilD fusion restored the regulation by mutant 
FnrS (Figure 4.4.B). These genetic data support the model that FnrS requires this base 
pairing interaction to regulate hilD translation.  
ArcZ nts 65-76 are predicted to interact with hilD nts -5 to -21 relative to the 
AUG (Figure 4.4.A). Although several single mutations in this region failed to disrupt the 
interaction, mutating the boxed ArcZ nts disrupted the interaction with hilD mRNA and 
the resulting mutant ArcZ failed to regulate wild-type hilD translation (Figure 4.4.A). 
Introduction of compensatory mutations in the hilD fusion restored the regulation by the 
mutant ArcZ, suggesting that ArcZ requires this base pairing interaction to regulate hilD 
translation (Figure 4.4.C).
 
Figure 4.3. FnrS and ArcZ do not regulate hilC, rtsA, or hilA translation in E. coli. β-
galactosidase activity in E.coli strains containing the A. hilC’-’lacZ , B rtsA’-’lacZ , or C. 
hilA’-’lacZ translational fusions and plasmids overexpressing FnrS or ArcZ grown in the 
presence of 100 μM IPTG and 0.001% arabinose to induce the sRNA expression and the 
fusion lacZ protein expression, respectively. β-galactosidase activity units are defined as 
(μmol of ONP formed min-1) x 106/(OD600 x ml of cell suspension) and are reported as 
mean ± standard deviation where n=3. Strains used: JMS6503, JMS6504, and JMS6505, 




Figure 4.4. FnrS and ArcZ regulate hilD translation by direct base-pairing 
interactions. A. Predicted base-pairing interactions between each sRNA and hilD mRNA. 
For hilD, nucleotides are numbered from the translational start site. The ribosome binding 
site of hilD mRNA is highlighted in green, and the translational start site of hilD is 
highlighted in red. Boxes mark nucleotides for which complementary mutations were 
created in hilD and each sRNA. B. Relative β-galactosidase activity in E. coli strains 
containing the wild type or mutated hilD’-‘lacZ translational fusion and plasmids 
overexpressing either the wild type (pFnrS) or mutated (pFnrS mt) sRNA grown as 
indicated in Figure 2A. C. Relative β-galactosidase activity in E. coli strains containing the 
wild type or mutated hilD’-‘lacZ translational fusion and plasmids overexpressing either 
the wild type (pArcZ) or mutated (pArcZ mt) sRNA grown as indicated in Figure 2A. β-
galactosidase activity units are defined as (μmol of ONP formed min-1) x 106/(OD600 x ml 
of cell suspension) and are reported as mean ± standard deviation where n=3. Strains used: 
JMS6500, JMS6501, and JMS6502 with plasmid pBRplac, pFnrS-SM, pFnrS-mt, pArcZ-
SM, or pArcZ-mt. 
 
Oxygen-dependent regulation of sRNAs 
Oxygen is regarded as one of the key regulatory signals for control of the SPI1 
system (Jennewein et al., 2015, Ellermeier & Slauch, 2007, Tartera & Metcalf, 1993, Lee 
& Falkow, 1990, Ni Bhriain et al., 1989). Since FnrS and ArcZ are known to be 
differentially produced in response to oxygen availability (Mandin & Gottesman, 2010, 
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Durand & Storz, 2010, Boysen et al., 2010, Papenfort et al., 2009), we hypothesized that 
these sRNAs provide one link between changes in environmental oxygen concentrations 
and control of SPI1 through regulation of hilD translation. To test this, we created fnrS or 
arcZ deletion mutations in both the hilD’-‘lacZ translational and the hilA’-lacZ+ 
transcriptional fusion backgrounds, and measured β-galactosidase activity under high-
aeration and low-aeration conditions. We observed higher activity from both the hilD’-
‘lacZ and hilA’-lacZ+ fusions under low aeration conditions (Figure 4.5), in agreement 
with previous data (Ellermeier et al., 2005). Deletion of fnrS led to increased hilD 
translation when strains were grown in low aeration (Figure 4.5); the effect on hilA 
transcription was slightly greater than that on hilD (Figure 4.5).  
 
Figure 4.5. Loss of FnrS or ArcZ results in the increased level of hilA expression due 
to the abolished repression of hilD translation. β-galactosidase activity in Salmonella 
strains containing a A. hilD’-‘lacZ translational or B. hilA’-lacZ+ transcriptional fusion in 
the wildtype, ΔarcZ, or ΔfnrS background grown under either high aeration or low aeration 
conditions as described in Experimental procedures. β-galactosidase activity units are 
defined as (μmol of ONP formed min-1) x 106/(OD600 x ml of cell suspension) and are 
reported as mean ± standard deviation where n=3. Strains used: JS892, JS2123, JS2124, 
JS749, JS2125 and JS2126. 
 
However, in high aeration, wildtype and fnrS mutants showed similar levels of 
activity for both the hilD’-‘lacZ and hilA’-lacZ+ fusions (Figure 4.5). In contrast, deletion 
of arcZ caused increased levels of hilD translation only when the strains were incubated 
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under high aeration conditions, with a concomitant increase in hilA expression (Figure 
4.5). There was no phenotype conferred by the arcZ deletion in low aeration (Figure 4.5). 
These data show that both FnrS and ArcZ affect hilD translation under conditions known 
to induce their expression, high aeration for ArcZ and low aeration for FnrS. The 
phenotypes are consistent with a model in which these sRNAs act to optimize hilD 
translation, and thus SPI1 expression, in response to some intermediate oxygen level.  
 
Mechanism of FnrS or ArcZ mediated regulation of hilD translation in Salmonella 
sRNA-mRNA base pairing interactions can induce mRNA degradation by RNase 
E (Lalaouna et al., 2013, Prevost et al., 2011, Masse et al., 2003). To determine whether 
FnrS or ArcZ promote hilD mRNA turnover via RNase E, we created an rne131 mutation 
in Salmonella (Viegas et al., 2007, Lopez et al., 1999, Vanzo et al., 1998). The rne131 
mutation truncates RNase E, maintaining enzymatic activity, but preventing assembly of 
the degradosome, which in many cases also eliminates sRNA-dependent mRNA turnover 
(Lopez et al., 1999, Masse et al., 2003, Rice & Vanderpool, 2011). RNaseE enzymatic 
activity is required for processing of the ArcZ sRNA (Chao et al., 2017).  Significant 
levels of processed ArcZ were present in the mutant background (Figure 4.6).  The 
rne131 mutation caused a moderate increase in the basal level of hilD’-‘lacZ fusion 
activity in Salmonella. However, both FnrS and ArcZ still repressed hilD translation in 
the rne131 mutant background (Figure 4.7). These data support the idea that both FnrS 
and ArcZ directly block translation of the hilD mRNA and that repression does not 
require mRNA degradation.  
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Figure 4.6. Processing of ArcZ in rne131 background. Total RNA was isolated from 
strains grown under high aeration conditions and processed as described in Experimental 
procedures.  The RNA was probed for ArcZ sRNA and 5S RNA (loading control).  This 
gel is representative of two independent experiments.  Strains used: 14028 and JS2117. 
 
To further examine the mechanisms of regulation, we determined the hilD mRNA 
half-life in wild type, arcZ, fnrS, or rne131 mutant backgrounds under high aeration and 
low aeration conditions.  We monitored expression of the hilD’-‘lacZ fusion indicating 
that the mutations conferred the expected phenotype under the exact conditions in which 
we isolated RNA (High aeration: WT, 50±4; arcZ, 69±4; Low aeration: WT, 57±3; fnrS, 
94±8 β-gal units). The hilD mRNA had a half-life of approximately 1.8 min under low 
aeration conditions (Figure 4.8). Interestingly, the half-life decreased to 0.85 min under 
high aeration conditions, suggesting that control of mRNA degradation is one mechanism 
of regulation in response to oxygen.  However, the half-life was essentially unaffected by 
loss of either ArcZ or FnrS (Figure 4.8), consistent with interpretation above that these 
sRNAs act by directly blocking translation rather than inducing degradation of the 
message. The half-life of the hilD message was significantly increased in the rne131 
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background, showing the involvement of the degradosome in overall mRNA stability 
(Figure 4.8).  
 
Figure 4.7. Mechanism of FnrS and ArcZ regulation of hilD mRNA translation in 
Salmonella. β-galactosidase activity in Salmonella strains containing the hilD’-‘lacZ 
translational fusion and either the empty vector or plasmids overexpressing FnrS or ArcZ 
from Salmonella in a A. wildtype or B. rne131 background grown in SPI1 inducing 
conditions. β-galactosidase activity units are defined as (μmol of ONP formed min-1) x 
106/(OD600 x ml of cell suspension) and are reported as mean ± standard deviation where 






Figure 4.8. The half-life of hilD mRNA. Cells were grown under A. low aeration or B. 
high aeration conditions and RNA was isolated at various time points after addition of 
rifampicin and processed as described in Experimental procedures.  (“C” indicates a sample 
from a ΔhilD strain.) The northern blots are representative of two independent experiments.  
The intensities of the hilD mRNA bands were quantified and normalized to the 5S bands. 
The WT bands at 0 min was considered 100%.  mRNA decay curves represent the means 
and the standard errors (SEM) for the two experiments Strains used: 14028, JS481, JS2117, 
JS2121, JS2165, JS2166, and JS2167. 
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FnrS acts independently of Fur to regulate SPI1 expression 
             Anaerobic activation of fnrS is mainly dependent on Fnr, but is also affected by 
ArcA and CRP (Durand & Storz, 2010). It has been reported that Fur, the ferric uptake 
regulator, also affects fnrS expression (Colgan et al., 2016). Fur is known to positively 
regulate HilD expression. This regulation requires both the hilD promoter and HilD 
protein and is likely the result of Fur affecting H-NS dependent repression of hilD 
transcription (Ellermeier & Slauch, 2008, Olekhnovich & Kadner, 2006, Olekhnovich & 
Kadner, 2007, Lavrrar et al., 2002, Troxell et al., 2011b, Teixido et al., 2011). To better 
understand the relationship between these global regulators and the potential link to SPI1 
gene expression via FnrS, we tested whether the expression of fnrS depends on Fnr or Fur 
in response to oxygen concentration and iron availability in Salmonella. We created a 
transcriptional fusion to fnrS, and deleted either fnr or fur. All strains were tested under 
high and low aeration and in the presence or absence of dipyridyl, an iron chelator that 
induces iron starvation and causes Fur derepression of target genes (Ellermeier & Slauch, 
2008, Ikeda et al., 2005). Under high aeration conditions, transcription of fnrS was very 
low (Figure 4.9.A, note scale). Expression of fnrS was strongly induced under low 
aeration conditions (Figure 4.9.B), and this activation was predominantly dependent on 
Fnr. Neither addition of dipyridyl nor deletion of fur had a substantial impact on fnrS 
transcription (Figure 4.9.B). These data suggest that the production of FnrS is oxygen-
dependent and controlled primarily by Fnr in Salmonella under our experimental 
conditions.  
We then examined the regulation of hilA by FnrS and Fur. We constructed fnrS 
and fur mutations in Salmonella strains with a hilA’-lacZ+ transcriptional fusion. For a 
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control, we examined expression of a sodB’-‘lacZ translational fusion. Fur regulates sodB 
indirectly via repressing transcription of the two paralogous sRNAs, RyhB-1 and RyhB-2 
in Salmonella (Troxell et al., 2011b). FnrS also regulates sodB in E. coli (Durand & 
Storz, 2010). When we measured β-galactosidase activity of these fusions in SPI1-
inducing conditions, the sodB fusion behaved as expected; sodB is independently 
regulated by Fur and FnrS (Figure 4.9.D). Likewise, we observed increased levels of 
hilA’-lacZ+ in the fnrS mutant compared to wild-type. Deletion of fur in these strains 
reduced the expression of the hilA’-lacZ+ fusion. However, the effect of fnrS was still 
observed in the fur background (Figure 4.9.C). These data suggest that the regulation of 
hilA by FnrS is independent of the regulation by Fur.  
 
Figure 4.9. FnrS regulation of SPI1 expression is independent of Fur. β-galactosidase 
activity in Salmonella strains containing an fnrS’-lacZ+ transcriptional fusion in the wild 
type, Δfnr, or Δfur background grown in A. high aeration or B. low aeration conditions in 
the presence or absence of 200 μM dipyridyl (DPP). β-galactosidase activity in Salmonella 
strains containing C. hilA’-lacZ+ transcriptional fusion or D. sodB’-’lacZ translational 
fusion in the wild type or the indicated mutant background grown in SPI1 inducing 
conditions. β-galactosidase activity units are defined as (μmol of ONP formed min-1) x 
106/(OD600 x ml of cell suspension) and are reported as mean ± standard deviation where 
n=3. Strains used: JS2129, JS2130, JS2131, JS749, JS2125, JS583, JS2132, JS619, JS2133, 




Fnr regulates SPI1 expression independent of FnrS 
           We have previously shown that Fnr represses hilA expression independent of HilD 
(Golubeva et al., 2012), in seeming contrast to repression of hilD translation by FnrS. 
This suggests that Fnr controls expression of SPI1 via more than one mechanism. To 
distinguish between these mechanisms, we determined the activity of the hilA’-lacZ+ 
transcriptional fusion in strains containing fnr and fnrS deletions. As shown in figure 
4.10.A, deletion of fnrS increased hilA transcription only in the fnr+ background. This is 
as expected, given that FnrS expression is dependent on Fnr. However, deletion of fnr 
increased hilA-lacZ transcription in both fnrS+ and fnrS- backgrounds. This suggests that 
Fnr has an additional FnrS-independent regulatory effect on hilA transcription. 
Expression of hilA in all of these backgrounds was dependent on HilD, making it 
impossible to distinguish how Fnr and FnrS feed into the regulatory circuit. To separate 
the effects of FnrS on hilD expression, we placed rtsA under control of a tetracycline 
inducible promoter. In this background, we can activate expression of hilA in the absence 
of HilD. As shown in figure 4.10.B, adding 50 ng anhydrotetracycline in this background 
restored hilA expression to approximately wild type levels in the absence of HilD. 
Deletion of fnr in this background increased hilA expression, showing that this effect is 
independent of HilD. Deletion of fnrS in these strains had no significant effect, proving 
that the sRNA acts solely by controlling hilD translation. These data are consistent with a 
model in which Fnr controls hilA via both FnrS (translation of hilD) and some 





Figure 4.10. Fnr regulates SPI1 expression independent of FnrS. A. β-galactosidase 
activity in Salmonella strains containing the hilA’-lacZ+ transcriptional fusion in the wild 
type, ΔfnrS, or Δfnr background in the presence or absence of HilD grown in low aeration 
conditions. B. β-galactosidase activity in Salmonella strains containing hilA’-lacZ+ 
transcriptional fusion and the indicated mutations in the ΔhilD background with RtsA 
protein produced under a tetracycline regulated promoter grown under low aeration 
conditions with the indicated a-tetracycline concentrations. β-galactosidase activity units 
are defined as (μmol of ONP formed min-1) x 106/(OD600 x ml of cell suspension) and are 
reported as mean ± standard deviation where n=3. Strains used: JS749, JS2125, JS2135, 
JS2136, JS2137, JS2138, JS2139, and JS2140. 
 
The ArcAB two-component system feeds into the system via multiple pathways 
The expression of ArcZ is repressed by ArcA under anaerobic conditions (Mandin 
& Gottesman, 2010). Inhibition of ArcAB by the oxidized quinone pool in the respiratory 
chain leads to derepression of arcZ under aerobic growth conditions (Georgellis et al., 
2001, Mandin & Gottesman, 2010). In a recent study, ArcA was reported to have a 
regulatory effect on hilA expression (Lim et al., 2013). We tested how ArcAB and ArcZ 
each feed into the SPI1 regulatory circuit. We deleted arcZ and/or arcA in either hilD’-
‘lacZ or hilA’-lacZ+ backgrounds and performed β-galactosidase assays under high 
aeration conditions. The data (Figure 4.11.A) indicate that, as above, deletion of arcZ 
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increased hilD’-‘lacZ expression. In contrast, deletion of arcA decreased expression of 
the hilD’-‘lacZ fusion. Further deletion of arcZ in the arcA background led to the 
expected increase in hilD’-‘lacZ expression. We also observed a similar decrease of a 
hilD’-lacZ+ transcriptional fusion in absence of ArcA (Figure 4.12), showing that this 
effect is at the transcriptional level. (Note that these fusion strains are hilD null, negating 
any effects of autoregulation.) These data suggest that ArcAB positively controls hilD via 
two separate pathways: repressing arcZ expression and activating hilD transcription by 
some unknown mechanism. These effects on hilD are reflected in hilA expression, which 
mirrors expression of HilD. Both effects are HilD dependent as reflected by the absence 
of any significant phenotype in a hilD null strain where hilA is activated by RtsA (Figure 
4.11.C).  
The ArcAB system was reported to control hilD transcription through activation 
of LoiA, a LysR type regulator encoded in SPI14 that presumably binds directly to the 
hilD promoter (Jiang et al., 2017). To test this possibility, we deleted loiA or the entire 
SPI14 island in both hilD’-lacZ+ and hilA’-lacZ+ fusion strains. We confirmed these 
deletions by PCR analysis and performed β-galactosidase assays under both low and high 
aeration conditions. We observed no effect on either hilD’-lacZ+ or hilA’-lacZ+ 
expression (Figure 4.13). Therefore, we conclude that phenotypes that we observe are 
independent of LoiA. 
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Figure 4.11. ArcA regulates SPI1 expression independent of ArcZ.  β-galactosidase 
activity in Salmonella strains containing the A. hilD’-’lacZ translational fusion or the B. 
hilA’-lacZ transcriptional fusion in a wild type, ΔarcZ, and/or ΔarcA background grown in 
high aeration conditions. C. β-galactosidase activity in Salmonella strains containing hilA’-
lacZ+ transcriptional fusion and the indicated mutations in the spi1 (Δspi1 ΔrtsA) 
background with RtsA protein produced under a tetracycline regulated promoter grown 
under high aeration conditions with the indicated a-tetracycline concentrations. β-
galactosidase activity units are defined as (μmol of ONP formed min-1) x 106/(OD600 x ml 
of cell suspension) and are reported as mean ± standard deviation where n=3. Strains used: 
JS892, JS2124, JS2143, JS2144, JS749, JS2126, JS2145, JS2146, JS2147, JS2148, JS2149, 
JS2150, JS2077, JS2151, JS2152, and JS2153. 
 
 
Figure 4.12. ArcA activates hilD transcription during aerobic growth. β-galactosidase 
activity in Salmonella strains containing the hilD’-lacZ+ transcriptional fusion in the wild 
type or ΔarcA background grown in high aeration conditions. Note that this strain is  hilD 
null.  β-galactosidase activity units are defined as (μmol of ONP formed min-1) x 
106/(OD600 x ml of cell suspension) and are reported as mean ± standard deviation where 




Figure 4.13. Loss of LoiA or SPI-14 does not affect hilD or hilA transcription. β-
galactosidase activity in Salmonella strains containing the hilD’-lacZ+ or the hilA’-lacZ+ 
transcriptional fusion in the wild type, ΔloiA, or Δspi14 background grown in either high 
oxygen or low oxygen conditions. β-galactosidase activity units are defined as (μmol of 
ONP formed min-1) x 106/(OD600 x ml of cell suspension) and are reported as mean ± 
standard deviation where n=3. Strains used: JS883, JS2156, JS2157, JS749, JS2158, and 
JS2159. 
 
Impact of sRNA regulation of SPI1 in mouse models of infection 
Both FnrS and ArcZ repress translation of hilD, resulting in decreased hilA 
expression under low or high aeration conditions. We suppose that this regulation defines 
an oxygen “window” for optimal activation of SPI1. Mouse competition assays were 
used to ask if this regulation is relevant in the animal model of infection. We created a 
mutant deleted for both fnrS and arcZ in a hilA’-lacZ+ background. (The fusion has no 
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significant effect on virulence and was present in both strain backgrounds. See table 4.1.)  
Before testing the strain in mice, we measured the phenotype conferred by the double 
deletion in low aeration and high aeration conditions. Compared to wild type and 
individual deletion mutants, the double deletion of both sRNAs increased hilA expression 
independent of aeration levels (Figure 4.14).  
 
Figure 4.14. Loss of both FnrS and ArcZ abolishes oxygen-mediated regulation of 
hilA expression. β-galactosidase activity in Salmonella strains containing the hilA’-lacZ+ 
transcriptional fusion in the wild type, ΔfnrS, ΔarcZ, or ΔfnrS ΔarcZ background grown 
in either high aeration or low aeration conditions. β-galactosidase activity units are defined 
as (μmol of ONP formed min-1) x 106/(OD600 x ml of cell suspension) and are reported as 
mean ± standard deviation where n=3. Strains used: JS749, JS2125, JS2126. and JS2160. 
 
To address the contribution of the FnrS- and ArcZ-mediated regulation to 
virulence in the host, we used oral mouse competition assays (dependent on the SPI1 
T3SS), and intraperitoneal (IP) infection (bypassing the need for SPI1).  Streptomycin 
treatment of mice leads to availability of anaerobic terminal electron acceptors and as 
well as oxygen (Clark & Barrett, 1987, Faber et al., 2017, Lopez et al., 2012, Stecher & 
Hardt, 2008, Thiennimitr et al., 2011, Winter et al., 2010, Winter et al., 2013). Given the 
role of these sRNAs in regulating aspects of respiration (Mandin & Gottesman, 2010, 
Papenfort et al., 2009, Durand & Storz, 2010), we tested the effects of removing FnrS 
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and ArcZ in normal (Strep-) or streptomycin-treated (Strep+) mice. To determine whether 
any observed effects were due to changes in SPI1 expression, we also performed 
competition assays in a spi1 null background (Δspi1 ΔrtsA).  
There was marked variability in the competitive indices between individual mice, 
making it difficult to make significant conclusions. However, there was a trend that was 
particularly evident in the normal (Strep-) mice. Given the fact that SPI1 is not required 
systemically after invasion, the ratio of strains in the spleen after oral infection reflects 
the ratio of invasion (Ellermeier et al., 2005). The fnrS arcZ double mutant competed 
equally with the wild-type strain in both oral and IP infections (Figure 4.15). In contrast, 
in the Δspi1 mutant background, fnrS arcZ mutants were at a competitive disadvantage 
compared to the fnrS+arcZ+ strain in orally infected mice. We interpret these data to 
suggest that, whereas loss of FnrS and ArcZ confers a SPI1-independent competitive 
disadvantage, the increased expression of SPI1 in the sRNA mutant leads to an overall 
increase in invasion. These phenotypes are largely negated in Strep+ mice, consistent 
with significant changes in the intestinal environment. Interestingly, deletion of each of 
the sRNAs alone did not confer a phenotype suggesting, perhaps, that it is the 
requirement to adapt to subtly different oxygen concentrations that is critical. This could 
also explain the large variability in individual mice, possibly reflecting variations in 





Figure 4.15. Mouse competition assays. Mice were infected (intraperitoneally) IP or 
orally (as noted) with a 50:50 mix of the indicated strains. Competition assays were 
performed in streptomycin-treated (+Strep) or untreated (-Strep) mice (see Experimental 
procedures). Bacteria were recovered from the spleen (designated SP) in the case of IP 
competition assays or from the spleen (SP), small intestine (SI), and large intestine (LI) in 
oral competitions.  The competitive index (CI) was calculated as described in experimental 
procedures and is shown for each mouse.  The line indicates the geometric mean for each 
set. The Student t test was used to compare the CIs to the inocula or between groups.  
p=<0.05 (*), p=<0.005 (**), p=<0.0005 (***). The strains used were JS749, JS2125, 
JS2164, JS2160, JS2162, JS2075.  
 
Discussion 
Multiple environmental signals influence expression of the SPI1 T3SS and the 
integration of these signals presumably allows the cell to determine the appropriate time 
and place to produce the invasion machinery. Our long-term goal is to understand the 
relative impact of these various environmental factors and how these signals are 
mechanistically integrated into the SPI1 regulatory circuit (Golubeva et al., 2012, Saini et 
al., 2010a, Ellermeier & Slauch, 2007). Much of the regulatory input is integrated at 
HilD, affecting either the translation or activity of the HilD protein (Golubeva et al., 
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2012, Saini et al., 2010a). Consistent with this dominant role, we identified two sRNAs, 
FnrS and ArcZ, that directly affect SPI1 T3SS activation via regulating hilD translation. 
Both FnrS and ArcZ repress hilD translation resulting in significant inhibition of hilA 
transcription (Figure 4.1). These sRNAs have no direct effects on hilC, rtsA, or hilA 
translation. Bioinformatic prediction and genetic analyses proved that both FnrS and 
ArcZ sRNAs basepair near the ribosome binding site of the hilD message (Figure 4.4) 
leading to direct translational inhibition; the RNase E degradosome was not required for 
hilD translational regulation by these sRNAs.  The hilD mRNA also has an unusually 
long ~300 nt 3’ UTR, which apparently affects the stability of the message.  Several 
mechanisms of regulation at the 3’ UTR have been characterized (Lopez-Garrido et al., 
2014, Gaviria-Cantin et al., 2017, El Mouali et al., 2018). 
Oxygen and osmolarity have been regarded as key environmental signals that 
control SPI1 T3SS activation, but it is clear that oxygen concentrations impact the SPI1 
regulatory circuit through several mechanisms. For example, we have previously shown 
that the rtsA, hilC, and hilD promoters each respond to oxygen levels in the absence of all 
known regulators (Ellermeier et al., 2005). Our results here show that the half-life of the 
hilD mRNA is decreased under high aeration by an unknown mechanism (Figure 4.8). It 
is also clear from our results that Fnr and ArcAB affect SPI1 expression in complex ways 
that are independent of the sRNAs. Available iron, the levels of which are significantly 
affected by oxygen (Ikeda et al., 2005) affect SPI1 expression via Fur (Ellermeier & 
Slauch, 2008). Further investigations are required to completely understand how oxygen 
influences SPI1 gene expression.  
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Both FnrS and ArcZ repress hilD translation and their production is differentially 
controlled by oxygen levels. We propose that these sRNAs tune expression of SPI1 to be 
maximally produced at some optimal intermediate oxygen concentration. Studies in E. 
coli suggest that Fnr is active at O2 concentrations below ~20 μM, whereas the ArcA 
shifts toward the dephosphorylated state at about this same concentration or above (Tseng 
et al., 1996). The intestine has both longitudinal and radial gradients of oxygen. Recent 
studies show that the oxygen concentration in the lumen of conventional mice drops from 
>50 μM in the duodenum to ~9 μM in the terminal ileum (Friedman et al., 2018). But 
there is also a considerable radial gradient. The midpoint of the lumen is the most anoxic, 
with any available oxygen being quickly reduced by resident bacteria or other chemical 
reactions (Friedman et al., 2018). The concentration rises steeply below the mucus and at 
the surface of the intestinal epithelial cells. Interestingly, data suggest that the oxygen 
concentration in this region is on the order of 20 μM (Espey, 2013, Albenberg et al., 
2014), the concentration at which neither FnrS nor ArcZ should be produced.  
There are also chemical gradients along the intestine that act as signals to 
optimize SPI1 expression. For example, we and others have provided data showing that 
short and long chain fatty acids control SPI1 gene expression. Diet-derived long chain 
fatty acids negatively regulate expression by directly binding to HilD to prevent DNA 
binding (Golubeva et al., 2016). Presumably, these fatty acids are absorbed along the 
small intestine, being at their lowest concentration in the distal small intestine. Both 
acetate and proprionate activate SPI1 gene expression (Hung et al., 2013, Lawhon et al., 
2002). These short chain fatty acids are at their highest concentration in the distal small 
intestine (Argenzio et al., 1974, Cummings et al., 1987, Macfarlane et al., 1992). In 
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contrast, butyrate, produced by the strict anaerobes in the colon, negatively regulates 
SPI1 expression (Bronner et al., 2018, Gantois et al., 2006, Gillis et al., 2018). We 
believe that these concentration gradients are such that SPI1 is optimally expressed in the 
distal small intestine.  
Pretreatment of mice with oral streptomycin and subsequent infection with 
Salmonella leads to SPI1-mediated induction of inflammatory diarrhea (Barthel et al., 
2003, Que & Hentges, 1985). Salmonella benefits from the inflammatory response by 
taking advantage of newly available carbon sources and terminal electron acceptors, 
including tetrathionate and nitrate, thereby out-competing fermenting bacteria (Clark & 
Barrett, 1987, Faber et al., 2017, Lopez et al., 2012, Stecher & Hardt, 2008, Thiennimitr 
et al., 2011, Winter et al., 2010, Winter et al., 2013). FnrS and ArcZ both affect 
expression of numerous genes, including those encoding central metabolic and 
respiratory enzymes (Mandin & Gottesman, 2010, Papenfort et al., 2009, Durand & 
Storz, 2010). Therefore, it is not surprising that there were significant differences 
observed between normal and streptomycin-treated mice infected with the fnrS arcZ 
double mutant. To separate the pleiotropic effects of the sRNAs from their specific role 
in SPI1 regulation, we tested loss of the sRNAs in a spi1 mutant background. Although 
normally such a test is straightforward, in this case interpretation is complicated by the 
fact that the inflammatory response in the streptomycin-treated mice is largely SPI1 
dependent (Barthel et al., 2003, Que & Hentges, 1985).  
 FnrS is anaerobically induced by the major anaerobic transcriptional regulator, 
Fnr (Durand & Storz, 2010, Boysen et al., 2010). However, it was reported that Fur also 
activates the expression of FnrS in exponential growth (Colgan et al., 2016). Because 
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oxygen affects iron availability, Fur-mediated regulation is oxygen dependent (Kehres et 
al., 2002). However, under the conditions that we tested, FnrS expression is dominantly 
regulated by environmental oxygen and Fnr. Iron depletion or deletion of fur did not 
affect the FnrS expression (Figure 4.9.C).  
 In addition to activating fnrS expression leading to translational inhibition of hilD, 
Fnr decreases hilA transcription independently of FnrS and HilD (Figure 4.10). Of the 
two effects, FnrS plays a slightly greater role. We could not identify any obvious Fnr 
binding sites in the hilA promoter, suggesting that this regulation may be indirect. Such 
indirect effects would not be surprising given the response of the SPI1 system to 
numerous physiological factors and the pleiotropic role of Fnr in central metabolism 
(Fink et al., 2007, Golubeva et al., 2012). But direct or indirect, Fnr induction in low 
oxygen leads to a decrease in hilA transcription and hence SPI1 expression through both 
HilD-dependent and -independent mechanisms.  
 Like Fnr, the ArcAB two-component system regulates SPI1 through multiple 
mechanisms. Above 20 μM, ArcB begins to shift ArcA to the de-phosphorylated state 
(Tseng et al., 1996). But this is not a sharp cutoff and ArcA-P levels are significant under 
a wide range of oxygen concentrations (Rolfe et al., 2011). Different genes will require 
varying levels of ArcA-P to be regulated. Deletion of arcA leads to decreased hilD 
transcription independent of ArcZ, suggesting that there is still significant ArcA-P under 
our aerobic conditions, even though arcZ is not being significantly repressed. As with 
Fnr, this is almost certainly an indirect effect on hilD transcription. It was recently 
proposed that the transcriptional regulator LoiA is transcriptionally repressed by ArcA in 
low oxygen and that LoiA directly activates hilD transcription (Jiang et al., 2017). 
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However, in our hands, loss of LoiA had no effect on hilD or hilA expression under either 
low- or high-aeration conditions (Figure 4.13). Therefore, ArcA is controlling hilD 
transcription by an unknown mechanism. It is also interesting that the two effects are 
seemingly in opposition.  
 FnrS and ArcZ play an important role in the regulation of SPI1 in response to 
oxygen, adding to our overall understanding of the mechanisms by which environmental 
signals relevant in the intestine feed into the regulatory network. Although oxygen levels 
have long been considered an important parameter controlling SPI1, the system responds 
to oxygen via multiple pathways and more studies will be required to fully understand 
how these various mechanisms are integrated. 
Route of infection Tissueb CIc p-valued # of Mice 
i.p. Spleen 0.91 NS 6 
Oral 
Small 
intestine 0.86 NS 5 
Spleen 0.60 NS 6 
Table 4.1. In vivo competitions between hilA-lacZ pDX1 and wild type S. 
Typhimuriuma. aThe strains used were JS107 and JS2163. dBacteria were recovered from 
the spleen (Sp) after intraperitoneal (i.p.) infections or from the small intestine (SI) and 
spleen after oral infection. cThe competitive index (CI) was calculated as described in 
Materials and Methods. dThe Student t test was used to compare the CIs to the inocula. NS, 
p >> 0.05.    
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Chapter 5: PinT-mediated regulation of hilA and the rts operon 
Introduction 
Salmonella that invade using the SPI1 T3SS are subsequently capable of 
replicating in macrophages to cause life-threatening disease. In the phagosome of either 
invaded epithelial cells or macrophages, SPI1 gene expression is turned off, and neither 
SPI1 nor the coordinately regulated flagellar system is expressed or required during 
systemic stages of diseases (Sturm et al., 2011). The PhoPQ two-component system is a 
key virulence regulator in Salmonella, controlling myriad factors required for 
intracellular survival and growth (Dalebroux & Miller, 2014, Garcia Vescovi et al., 1994, 
Gunn, 2008, Miller, 1991, Miller et al., 1989, Bader et al., 2003, Deiwick et al., 1999, 
Fass & Groisman, 2009). PhoQ is the sensor kinase and phosphorylates its cognate 
response regulator, PhoP, in response to antimicrobial peptides, low levels of divalent 
cations, and low pH (Garcia Vescovi et al., 1996, Soncini et al., 1996, Kato et al., 1999). 
Either impairing or constitutively activating the PhoPQ two-component system confers 
defects in Salmonella virulence, suggesting that precise control of the two-component 
system is crucial for adaptation to various niches in the host (Galan & Curtiss, 1989, 
Fields et al., 1989, Miller et al., 1989). It was shown previously that the PhoPQ two-
component system regulates SPI1 gene expression by repressing hilA transcription 
(Golubeva et al., 2012), but the mechanism of action was not clear. We have shown that 
the PhoP represses hilA transcription by blocking activation of the promoter, and also 
indirectly affects hilD and rtsA transcription, providing mechanistic insight into how the 
SPI1 system is shut off after invasion (Palmer et al., 2019). PhoPQ also induces two 
sRNAs: MgrR and PinT (Moon & Gottesman, 2009, Yin et al., 2018, Westermann et al., 
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2016). MgrR regulates genes involved in lipopolysaccharide modification and phosphate 
import in response to intracellular magnesium levels (Moon & Gottesman, 2009, Moon et 
al., 2013, Yin et al., 2018). PinT is induced in intracellular Salmonella and regulates 
virulence-associated genes (Srikumar et al., 2015, Westermann et al., 2016). PinT was 
suggested to function as a modulator of SPI1 and SPI2 gene expression in response to the 
intracellular environment, but little of the molecular mechanisms were revealed 
(Westermann et al., 2016).  
 Here we show that PinT posttranscriptionally affects SPI1 gene expression by 
directly regulating hilA and rtsA translation, and indirectly affecting fliZ expression. PinT 
inhibits translation of hilA and promotes degradation of the rts transcript. Thus, PinT 
contributes additional posttranscriptional regulation of the SPI1 T3SS to the 
transcriptional repression governed by PhoPQ, ensuring efficient down-regulation in the 
niches where the SPI1 T3SS is no longer required. The data support a model where PinT 
directly and indirectly controls SPI1, flagellar biosynthesis, and SPI2 gene expression to 












Figure 5.1. SPI1 T3SS regulatory circuit and the Rts-PinT locus. A. Simplified 
regulatory model of the SPI1 T3SS and related regulators. Blue lines indicate 
transcriptional regulation, green lines indicate regulation at the protein level, red lines 
indicate regulation at posttrascriptional level. Dotted lines indicate that the exact 
mechanism of regulation is not known and is likely indirect.  B. The pinT gene and rts 
operon are located within a 15 kb insert located near tRNA-PheR. Grey arrows represent 
the genes within the genomic island, and white arrows are surrounding chromosomal genes. 
Not all genes are shown. 
 
Results 
PinT, a PhoPQ activated sRNA, regulates hilA and rtsA translation 
The PhoPQ two-component system regulates expression of the SPI1 genes 
primarily by repressing hilA and hilD transcription (Figure 5.1A) (Golubeva et al., 2012, 
Palmer et al., 2019). The PhoPQ two-component system also controls expression of two 
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sRNAs, MgrR and PinT (Moon & Gottesman, 2009, Westermann et al., 2016). We 
hypothesized that these sRNAs could contribute to the PhoPQ-mediated regulation of the 
SPI1 T3SS at the posttranscriptional level. To test this hypothesis, both MgrR and PinT 
from Salmonella Typhimurium strain 14028 were cloned into the pBRpLac vector 
(Mandin & Gottesman, 2009). We then tested the effect of overproduction of each sRNA 
on expression of an in locus hilA’-‘lacZ translational fusion, which contains the 350 nt 5’ 
UTR and the first 31 codons of hilA fused in frame with lacZ under control of the native 
hilA promoter. When MgrR was overexpressed from the plasmid, expression increased 
~1.5-fold. However, overexpression of PinT caused significant repression of the hilA’-
‘lacZ fusion activity (~5-fold) (Figure 5.2.A). We focused our analysis on PinT. 
Based on the feed forward loop model of hilA activation, it is possible that PinT 
represses the hilA’-‘lacZ fusion directly and/or by controlling the upstream regulators, 
HilD, HilC, and/or RtsA (Ellermeier et al., 2005). In order to elucidate the regulatory 
mechanism of PinT in hilA expression, we tested the effect of PinT on a PBAD-hilA’-‘lacZ 
fusion in E. coli. Using the E. coli fusions reduces the complications imposed by the 
complex feed-forward loop controlling SPI1 gene expression in Salmonella (Ellermeier et 
al., 2005, Golubeva et al., 2012). Overexpression of PinT significantly repressed 
expression of the PBAD-hilA’-‘lacZ fusion (Figure 5.2.D), showing that PinT directly 
represses hilA translation. In order to test whether PinT also regulates expression of the 
upstream regulators, we tested the effect of overexpression of PinT on hilD’-‘lacZ fusion 
in Salmonella (Figure 5.2.B). There was no effect on expression of this fusion. To test the 
possible involvement of PinT in regulation of rtsA or hilC expression, we tested the 
overexpression of PinT in a PBAD-rtsA’-‘lacZ or PBAD-hilC’-‘lacZ translational fusion in 
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E. coli. Overexpressing PinT did not affect the hilC’-‘lacZ fusion (Figure 5.2.E), but 
caused significant repression of the rtsA’-‘lacZ fusion (Figure 5.2.F). This repression is 
also reproduced in rtsA’-‘lacZ fusion in Salmonella (Figure 5.2.C), suggesting that PinT 
also directly represses rtsA translation in Salmonella. Lastly, we addressed whether 
overexpression of PinT affects hilD expression via the 3’ UTR (Gaviria-Cantin et al., 
2017, Lopez-Garrido et al., 2014). We created a hilD’-lacZ+ fusion where transcriptional 
lacZ is fused at the end of hilD 3’ UTR (Figure 5.3.A). In the absence of rtsA, the 
hilD’lacZ+ 3’UTR fusion is not regulated by overproducing PinT, showing that PinT 
does not regulate hilD at posttranscriptional level (Figure 5.3.B). Thus, we identified that 
PinT represses hilA expression by regulating both hilA and rtsA translation. 
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Figure 5.2. PinT downregulates SPI1 expression by repressing hilA and rtsA 
translation. β-galactosidase activity in Salmonella strains containing a A. hilA’-‘lacZ, B. 
hilD’-‘lacZ  or C. rtsA’-‘lacZ translational fusion and plasmids overexpressing PinT grown 
in SPI1 inducing conditions. β-galactosidase activity in E. coli strains containing a D. PBAD-
hilA’-‘lacZ, E. PBAD-hilC’-‘lacZ or F. PBAD-rtsA’-‘lacZ translational fusion and plasmids 
overexpressing PinT grown in the presence of 100 μM IPTG and 0.001% arabinose to 
induce sRNA expression and fusion expression, respectively. β-galactosidase activity units 
are defined as (μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) and are 
reported as mean ± standard deviation where n = 3. Strains used: JS892, JS2333, JS2334, 




Figure 5.3. PinT does not affect hilD expression through the 3’ UTR. A. Schematic 
representation of the hilD’-lacZ+ 3’UTR fusion. The lacZ gene is integrated just upstream 
of the hilD mRNA terminator.  This is associated with a deletion that removes through hilA. 
B. β-galactosidase activity in Salmonella strains containing the hilD’-‘lacZ+ transcriptional 
fusion in either rtsA+ (grey) or ΔrtsA (white) and either the empty vector or plasmids 
overexpressing PinT grown in SPI1 inducing conditions. β-galactosidase activity units are 
defined as (μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) and are 
reported as mean ± standard deviation where n = 3. Strains used: JS2351 and JS2352, each 
with plasmid pBRplac or pPinT. 
 
PinT basepairs directly with the hilA and rtsA mRNA 
We hypothesized that PinT regulates SPI1 via base pairing interactions with the 
hilA and rtsA mRNAs. Bioinformatic predictions suggested that PinT binds near the 
AUG start codon of the hilA mRNA and near the ribosome binding site (RBS) of the rtsA 
mRNA (Figure 5.4.A and B). To test these predictions, we performed mutational analyses 
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using the PBAD-hilA’-‘lacZ or PBAD-rtsA’-‘lacZ fusion in E. coli. PinT nts 7 to 29 are 
predicted to basepair with the hilA mRNA from nts +1 to +23 relative to the initiation 
AUG (Figure 5.4.A). Consistent with this prediction, the PinT-mt1, in which the boxed 
PinT nts were mutated, was reduced in its ability to regulate the wild type hilA’-‘lacZ 
fusion (Figure 5.4.C). Introducing compensatory mutations at positions 18 to 23 in the 
hilA fusion largely restored the regulation by the mutant PinT (Figure 5.4.C). These 
genetic data support the model that PinT requires this base pairing interaction to regulate 
hilA translation. 
PinT nts 9-23 are predicted to interact with rtsA nts −9 to −27 relative to the AUG 
(Figure 5.4.B). Mutating the boxed PinT nts (PinT-mt2) largely disrupted the interaction 
with rtsA mRNA (Figure 5.4.D). Introduction of compensatory mutations in the rtsA 
fusion restored the regulation by the mutant PinT, suggesting that PinT requires this base 
pairing interaction to regulate rtsA translation. Altogether, we concluded that PinT 











Figure 5.4. PinT regulates hilA and rtsA translation by direct base-pairing interaction. 
Predicted base-pairing interactions between PinT and hilA (A) or rtsA (B) mRNA. For hilA 
and rtsA, nucleotides are numbered from the translational start site. The ribosome-binding 
site of rtsA mRNA is highlighted in green, and the translational start site of hilA is 
highlighted in red. Boxes mark nucleotides for which complementary mutations were 
created in hilA or rtsA and PinT. Bottom panels show relative β-galactosidase activity in E. 
coli strains containing the wild type or mutated hilA’-‘lacZ (C) or rtsA’-‘lacZ (D) 
translational fusion and plasmids overexpressing either the wild type (pPinT) or mutated 
(pPinT-mtx) sRNA grown as indicated in Fig 2D-F. β-galactosidase activity units are 
defined as (μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) and are 
reported as mean ± standard deviation where n = 3. Strains used: JMS6505, JMS6506, 
JMS6504 and JMS6507, each with plasmid pBRplac, pPinT, pPinT-mt1 or pPinT-mt2. 
 
Mechanism of PinT-mediated regulation of hilA and rtsA translation 
The data above suggest that PinT independently regulates translation of rtsA and 
hilA. RtsA, however, contributes to the transcription of hilA. Overexpression of PinT led 
to an ~3-fold repression of the hilA’-‘lacZ fusion in Salmonella (Figure 5.5.A). This 
regulation is a sum of the regulation of PinT on rtsA translation and hilA translation. 
When we tested the overexpression of PinT on hilA’-‘lacZ in an rtsA null background, 
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PinT caused only a 2-fold repression of hilA expression (Figure 5.5.A), consistent with 
the contribution of RtsA in activation of hilA transcription (Ellermeier et al., 2005). 
When we introduced a hilC deletion mutation into the hilA’-‘lacZ fusion strain, the 
overexpression of PinT still repressed hilA translation ~3 fold, similar to the level of 
repression that we observed in the wild type background, showing that the effect is 
specific to RtsA (Figure 5.6). 
When a sRNA basepairs with its target mRNA near the ribosome binding site 
(RBS) and AUG start codon, the base-pairing interaction can induce either simple 
translational inhibition or, additionally, initiate RNA degradosome-dependent mRNA 
degradation (Massé et al., 2003). In order to elucidate the mechanism of PinT-mediated 
regulation of hilA and rtsA translation, we introduced the rne131 mutation of RNase E 
into either the hilA’-‘lacZ or rtsA’-‘lacZ Salmonella strains. Introduction of the rne131 
mutation partially relieved repression of hilA expression from ~3 fold to ~2 fold (Figure 
5.5.A and B). However, in the absence of RtsA, overexpression of PinT decreased hilA 
translation to the same level in both the wild type and rne131 backgrounds. These data 
suggest that PinT directly blocks translation of the hilA mRNA and this repression does 
not require mRNA degradation.  
We also compared the PinT effects on the rtsA’-‘lacZ fusion in either the wild 
type or rne131 background. In the wild type background, the overexpression of PinT 
caused approximately a 10-fold repression of rtsA expression (Figure 5.5.C). However, 
the overexpression of PinT repressed less than 2-fold in rne131 background (Figure 
5.5.C). Thus, initiation of mRNA degradation is apparently important for PinT to regulate 
rtsA. In the absence of this degradation, regulation of hilA results from only the direct 
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effect of PinT on hilA translation, explaining the fact that RtsA plays no role in hilA 
expression in the strain lacking a functional degradosome (Figure 5.5.B). The rts operon 
encodes four genes. We tested the effects on expression of the downstream genes by 
monitoring the rtsB’-lacZ+ transcriptional fusion. Overexpression of PinT decreased 
expression of the rtsB’-lacZ+ fusion ~3-fold (Figure 5.5.D). Introduction of the rne131 
allele into this background resulted in an almost 4-fold increase in lac activity, and in this 
background, overexpression of PinT had barely any effect on rtsB expression. These data 
suggest that the major consequence of the PinT-mediated regulation of rtsA translation is 
the degradation of the polycistronic mRNA by the RNA degradosome, regulating 
expression of all the genes in the operon. Thus, PinT represses both hilA and rtsA 
translation, but the mechanisms of regulation are distinct.  
 
Figure 5.5. Mechanism of PinT regulation of hilA or rtsA mRNA translation. β-
galactosidase activity in Salmonella strains containing the hilA’-‘lacZ  translational fusion 
(A and B), rtsA’-‘lacZ translational fusion (C), or rtsB’-lacZ+ transcriptional fusion (D) in 
the indicated genetic backgrounds with either the empty vector or plasmids overexpressing 
PinT. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 
n = 3. Strains used: JS2333, JS2337, JS2336, JS2338, JS2334, JS2336, JS325 and JS2339, 






Figure 5.6. PinT represses hilA translation independent of HilC. β-galactosidase 
activity in Salmonella strains containing the hilA’-‘lacZ translational fusion in either hilC+ 
(grey) or ΔhilC (white) and either the empty vector or plasmids overexpressing PinT grown 
in SPI1 inducing conditions. β-galactosidase activities are reported as mean ± standard 
deviation where n = 3. Strains used: JS2333 and JS2353, each with plasmid pBRplac or 
pPinT.  
 
PhoPQ-mediated regulation of SPI1 T3SS involves PinT acting post-
transcriptionally 
PinT is highly induced in infected host cells and the PhoPQ two-component 
system is known to activate its expression (Westermann et al., 2016). To confirm that 
PinT is controlled by PhoPQ, we created a transcriptional fusion to pinT and measured 
expression after growth in N-minimal medium with either a low (10 μM) or high (10 
mM) concentration of Mg2+. As shown in figure S3, the transcription of pinT is induced 
in low Mg2+ conditions. Deletion of phoPQ led to strongly reduced expression, whereas 
introduction of the phoQ24 allele (Miller & Mekalanos, 1990, Véscovi et al., 1997) 
resulted in high-level constitutive expression of pinT (Figure 5.7). These data confirm 
that PinT is regulated by the PhoPQ two-component system.  
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We then tested how PinT contributes to the PhoPQ-mediated regulation of the 
SPI1 T3SS. We deleted pinT in wild type and phoQ24 backgrounds and measured hilA 
and rtsA expression. As shown in figure 5.8, deletion of pinT in the wild type background 
slightly increased hilA expression but had no effect on rtsA expression when these strains 
were cultured under SPI1 inducing conditions. As expected, constitutive activation of 
PhoP in the phoQ24 background led to significant repression of both hilA and rtsA (and 
hilD) (Palmer et al., 2019). Deletion of pinT in the phoQ24 background conferred 
significant increases in both hilA (~4-fold) and rtsA (~2-fold) expression. However, the 
major effect of phoQ24 on the expression of SPI1 is via transcriptional regulation of 
hilD, rtsA, and hilA (Palmer et al., 2019). Thus, regulation of hilA and rtsA by PinT is an 
additional layer on top of the transcriptional repression of the SPI1 T3SS mediated by the 
PhoPQ two-component system to effect complete and rapid shut off of the system.  
 
Figure 5.7. The PhoPQ two-component system activates the expression of PinT. β-
galactosidase activity in Salmonella strains containing the pinT’-lacZ+ transcriptional 
fusion in either wild type or the indicated mutant background. The strains were grown in 
either  PhoPQ-noninducing (10 mM Mg2+) or -inducing conditions (10 μM Mg2+) in N-
minimal medium. β-galactosidase activities are reported as mean ± standard deviation 








Figure 5.8. PinT contributes post-transcriptional regulation to PhoP-mediated 
repression of SPI1 T3SS expression by regulating hilA and rtsA translation. β-
galactosidase activity in Salmonella strains containing a hilA’-’lacZ (A) or rtsA’-‘lacZ (B) 
translational fusion in the indicated mutant background grown in SPI1 inducing conditions. 
β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 106/(OD600 × 
ml of cell suspension) and are reported as mean ± standard deviation where n = 3. Strains 
used: JS2333, JS2341, JS2342, JS2343, JS2334, JS2344, JS2345 and JS2346. 
 
PinT represses motility and fliZ expression in Salmonella 
As shown in figure 5.5.D, overexpression of PinT represses rtsB expression as 
part of the rts operon. We have previously shown that RtsB regulates flagellar gene 
expression by repressing the transcription of flhDC, encoding the master regulator of the 
flagellar regulon (Ellermeier & Slauch, 2003, Saini et al., 2010a, Saini et al., 2010c). We 
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hypothesized that overexpression of PinT could lead to increased flagellar gene 
expression by alleviating the repression by RtsB. To test this possibility, we monitored 
motility in a strain overexpressing PinT compared to the control strain containing the 
pBRpLac empty vector. In contrast to our initial hypothesis, overexpression of PinT 
caused an observable motility defect compared to the empty vector control (Figure 
5.9.A). To further investigate the regulation of PinT on flagellar genes, we measured 
expression of flhDC, encoding a master regulator of flagellar genes (Aldridge & Hughes, 
2002, Chilcott & Hughes, 2000). As shown in figure 5B, overexpression of PinT led to 
decreased flhDC expression. It was shown that PinT represses crp expression presumably 
via direct basepairing interaction (Westermann et al., 2016). CRP also directly activates 
flhDC transcription (Komeda et al., 1976, Soutourina et al., 1999, Yokota & Gots, 1970). 
We tested whether PinT represses flhDC expression via CRP. Deletion of crp 
significantly decreased flhDC expression, as expected. Moreover, overexpression of PinT 
no longer had an effect in this background (Figure 5.9.B). Thus, we conclude that PinT 
represses flagellar genes expression through regulating crp expression. 
Given the effect on flagellar gene expression, we then hypothesized that PinT 
could also control hilA by affecting expression of the flagellar gene fliZ, encoding a 
major regulator of HilD protein activity (Chubiz et al., 2010, Aldridge & Hughes, 2002, 
Chilcott & Hughes, 2000). We measured the effect of PinT on a fliZ’-lacZ+ fusion in 
Salmonella (Figure 5.9.D). As expected, PinT repressed fliZ expression (Figure 5.9.D). 
We then compared expression of the hilA’-‘lacZ+ fusion in wildtype or DfliZ backgrounds 
(Figure 5.9.E). As shown previously, loss of fliZ resulted in decreased expression of hilA 
(Chubiz et al., 2010). Moreover, the effect of PinT overproduction was reduced from 15 
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fold in the wildtype to 3 fold in DfliZ background. (Figure 5.9.E). Thus, PinT-mediated 
regulation of fliZ expression has a significant role in regulating hilA expression under 
these conditions.   
 
Figure 5.9. PinT regulates motility and flagellar genes in Salmonella. The strains 
containing pBRpLac or pPinT were spotted in the motility plates with 0.3% agar (A). β-
galactosidase activity in Salmonella strains containing the flhD-lacZ+ transcriptional fusion 
(B), fliZ-lacZ+ transcriptional fusion (C), or  hilA’-‘lacZ translational fusion (D) in the 
indicated background and either the empty vector or plasmids overexpressing PinT. Cells 
were subcultured 1:100 into 2 ml of HSLB in a 13 mm tube and grown on a roller drum 
for 4 hrs. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 
n = 3. Strains used: 14028, JS2347, JS2349, JS696, JS2333 and JS2350, each with plasmid 





Impact of PinT on Salmonella virulence in mice  
Westermann et al. suggested that PinT plays a role in timing the transition 
between SPI1 and SPI2 expression based on global transcriptomic data (Westermann et 
al., 2016). They noted that the biggest regulatory role for PinT was to decrease SPI2 gene 
expression and suggested that PinT acts upstream of the primary transcriptional regulator 
SsrB. PinT regulates the expression of CRP, which could cause an indirect regulatory 
effect on SPI2 T3SS expression (Westermann et al., 2016). However, we observed that 
the overexpression of PinT also represses a PBAD-ssrB’-‘lacZ fusion in E. coli, suggesting 
that PinT directly regulates SPI2 T3SS expression (Figure 5.10). Westermann et al. 
provided evidence that PinT negatively regulates expression of the SPI1 effectors SopE 
and SopE2 (Westermann et al., 2016). (Strain 14028 does not encode SopE (Zhang et al., 
2002)). However, they did not detect PinT-mediated regulation of the SPI1 apparatus per 
se. PinT was also previously identified in a large scale TraDIS screen as being important 
for intestinal infection in pigs and cattle, but there was no apparent effect of insertions in 
the sRNA from the same mutational library during systemic infection in mice (Chaudhuri 
et al., 2009). 
To more carefully examine the potential role of PinT during infection, we used 
oral mouse competition assays (dependent on the SPI1 T3SS), and intraperitoneal (i.p.) 
infection (bypassing the need for SPI1). To determine whether any observed effects were 
due to changes in SPI1 expression, we also performed competition assays in a spi1 null 
background (Δspi1 ΔrtsA). In oral infection, the ΔpinT strain competed equally with the 
wild type strain in both the spi1+ and spi1 null backgrounds in the intestine, suggesting 
that any effects on SPI1 expression are too subtle to be detected in this assay (Table 5.1). 
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However, the ΔpinT mutant significantly outcompeted the wild type during systemic 
infections based on CI values in spleen samples after either oral in i.p. infections. This 
effect was SPI1 independent, as expected. This is perhaps due to increased expression of 




Figure 5.10. PinT directly regulates the expression of SPI2 T3SS through repressing 
ssrB translation. β-galactosidase activity in E. coli strains containing (A) PBAD-ssrA’-
‘lacZ  or (B) PBAD-ssrB’-‘lacZ translational fusion and plasmids overexpressing PinT 
grown in the presence of 100 μM IPTG and 0.001% arabinose to induce the sRNA 
expression and the fusion lacZ protein expression, respectively. β-galactosidase activities 
are reported as mean ± standard deviation where n = 3. Strains used: JMS6508 and 














Strain Aa Strain Ba Infection Routedb Organ
b CIc p-valued # of Mice 
ΔpinT WT 
i.p. Sp 2.93 0.02 6 
Oral SI 1.28 NS 5 Sp 2.34 0.03 5 
ΔpinT 
Δspi1 Δspi1 
i.p. Sp 7.29 0.01 5 
Oral SI 1.32 NS 5 Sp 4.19 0.09 5 
Table 5.1. PinT affects systemic infection of Salmonella in mice. aThe strains used were 
JS749, JS2358, JS2359 and JS2360. dBacteria were recovered from the spleen (Sp) after 
intraperitoneal (i.p.) infections or from the small intestine (SI) and spleen after oral 
infection. cThe competitive index (CI) was calculated as described in Materials and 




Salmonella senses various environmental niches in the host and adjust their gene 
expression accordingly during the course of infection. The SPI1 T3SS is induced to 
initiate intestinal invasion and inflammatory diarrhea (Wallis & Galyov, 2000, Finlay et 
al., 1989, Galán & Curtiss, 1989, Zhou et al., 1999), but once the bacteria are inside the 
phagosome of epithelial cells, or in macrophages during systemic stages of disease, the 
SPI1 T3SS is no longer required or expressed (Ibarra et al., 2010, Knodler et al., 2010, 
Laughlin et al., 2014). The PhoPQ two-component system, induced and required for 
survival in the phagosome, appears to be primarily responsible for turning off SPI1 
(Bijlsma & Groisman, 2005, Golubeva et al., 2012, Palmer et al., 2019) . Here we show 
that the sRNA PinT, transcriptionally induced by PhoP, contributes to this regulatory 
control of SPI1 and the coordinate regulation of both the flagellar regulon and the SPI2 
T3SS.  
The PinT sRNA affects SPI1 T3SS expression through three mechanisms. First, 
PinT directly down-regulates hilA translation. Second, PinT represses rtsA translation and 
induces degradation of the rts mRNA. Third, PinT regulates the expression of flagellar 
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genes via CRP. The crosstalk between the SPI1 T3SS and the flagellar regulon affects the 
dynamics and the expression level of each system (Saini et al., 2010a, Saini et al., 
2010c). The result is decreased expression of FliZ, which leads to decreased HilD 
activity. PinT also directly blocks translation of SopE (not found in strain 14028) (Zhang 
et al., 2002) and SopE2, primary Spi1 T3SS effectors that promote invasion.  
 
Figure 5.11. Secondary structure of PinT. The structure of PinT is adapted from 
Westermann et al, and the predicted structure of Mfold (Zuker et al., 2003).  
 
The 5’ region of PinT is predicted to fold into a stem-loop with two bulges; the 3’ 
end also forms a terminator stem-loop structure (Westermann et al., 2016) (Figure 5.11). 
Nucleotides in the 5’ stem-loop of PinT are crucial for basepairing with its target mRNAs 
(Westermann et al., 2016) (Figure 5.4). PinT down-regulates both hilA and rtsA, but the 
mechanisms of regulation are distinct. PinT basepairs near the initiation AUG codon of 
hilA leading to direct inhibition of ribosome binding; RNase E degradosome activity is 
not required for the regulation of hilA translation. On the other hand, PinT basepairs near 
the ribosome binding site of the rtsA mRNA, causing both translational inhibition and 
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degradation of entire rts mRNA in an RNase E degradosome-dependent manner. This 
results in coordinated downregulation of all genes in the rts operon.  
Both flagella and the SPI T3SS are expressed in the intestine and then shut off 
after invasion (Ellermeier et al., 2005, Ibarra et al., 2010, Knodler et al., 2010, Laughlin 
et al., 2014, Adams et al., 2001, Eriksson et al., 2003, Sano et al., 2007). The two 
systems are coordinately regulated via several factors (Ellermeier & Slauch, 2007, 
Golubeva et al., 2012, Aldridge & Hughes, 2002, Chilcott & Hughes, 2000). The second 
gene in the rts operon, rtsB, encodes a negative regulator of flhDC transcription 
(Ellermeier & Slauch, 2003). Thus, both PinT and RtsB negatively regulate flagellar gene 
expression, but PinT negatively regulates RtsB. Loss of RtsB affects the relative timing 
of flagellar and SPI1 gene expression, but the effect is subtle (Saini et al., 2010c). 
Certainly, under the conditions used in this study, the negative effect of PinT on flhDC 
transcription via CRP seems to outweigh the repression of RtsB.  
Loss of PinT did not confer any phenotype in the intestine after oral infection. 
This is presumably due to the subtle post-transcriptional regulatory effect of ΔpinT on 
hilA expression (Figure 5.8.A). Moreover, we think that the PhoPQ-mediated 
transcriptional and PinT-mediated posttranscriptional regulation of the SPI1 T3SS are 
primarily exerted after the invasion of Salmonella into host intestinal epithelium, where 
the PhoPQ becomes active (Dalebroux & Miller, 2014, Garcia Vescovi et al., 1994, 
Miller, 1991, Miller et al., 1989). The ΔpinT mutant did outcompete the wild type strain 
during systemic stages of infection (Table 5.1). The advantage in systemic infection is 
presumably due to increased SPI2 expression in ΔpinT background. Westermann et al. 
(Westermann et al., 2016) showed that PinT regulates CRP and provided data suggesting 
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that PinT affects the expression of SPI2 in a CRP-dependent manner. In addition, we 
have shown that PinT directly affects ssrB translation (Figure 5.10). Therefore, PinT also 
regulates the expression of SPI2 via multiple mechanisms. 
PinT is encoded immediately downstream of the rtsABCD operon in Salmonella 
Typhimurium. These genes are located on a horizontally acquired locus near tRNA-PheR 
(annotated tRNA-PheU in E. coli). This locus in many Salmonella serovars also encodes 
the acid phosphatase PhoN, which is regulated by PhoPQ, explaining the “Pho” 
nomenclature (Kier et al., 1979). The gene repertoire between ydiH (dcuS) and tRNA-
PheR is highly variable in various serovars of Salmonella and other Enterobacteriaceae 
(Hansen-Wester & Hensel, 2002, Hensel, 2004, Nieto et al., 2016). Table 5.2 shows the 
relative conservation of various genes in some representative Salmonella. RtsA and RtsB 
are highly conserved in all S. enterica serovars as well as the S. bongori species. RtsC 
and RtsD, for which we do not know the function, are pseudogenes in many serovars. 
PinT is not found in S. Gallinarum or S. bongori, but is 100% conserved in the other 
serovars.  
In summary, the sRNA PinT is a posttranscriptional regulator of three major 
systems critical for Salmonella virulence: the SPI1 and SPI2 type three secretion systems, 
and the flagellar regulon. PhoPQ is a primary regulator of all of these systems with PinT 
adding an additional layer of control to the timing of expression of these factors, allowing 























PinT STM14 _5184 
Typhimurium 
LT2 100% 100% 100% 100% 100% 100% 100% 
Enteritidis 
BAA-708 98% 99% 99% Pseudogene Pseudogene 100% 100% 
Gallinarum 
9184 98% 99% 97% Pseudogene Pseudogene --- 99% 
Typhi  






SA19983605 --- 77% 94% --- --- --- --- 
Table 5.2. Conservation of genes in the tRNA-PheR island in representative Salmonella. 
aIdentity is denoted at the amino acid level for ORFs and at the nucleotide level for PinT. 
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Chapter 6: InvR-mediated regulation of hilA expression 
Introduction 
 The SPI1 locus encodes four sRNAs STnc4240, STnc3020, STnc1410 and InvR 
(Figure 1.2). Moreover, transcription of some sRNAs is regulated by the SPI1 regulators 
(Chao et al., 2012, Colgan et al., 2016). For example, HilD regulates InvR and DapZ 
expression (Chao et al., 2012). InvR was initially discovered using a bioinformatic search 
for sRNAs in Salmonella (Pfeiffer et al., 2007). InvR is located in a 91 nt intergenic 
region between InvH and STM2091 at the very end of the SPI1 locus. Hfq binds InvR 
and affects its stability. InvR is conserved among Salmonella species, and its low GC 
content is similar to the GC-content of overall SPI1 locus, suggesting that InvR is one of 
the genes acquired in the island. Moreover, HilD is known to activate invR expression; 
neither HilA nor InvF activate invR expression. InvR represses expression of the outer 
membrane porin protein OmpD, but the exact mechanism was not determined (Pfeiffer et 
al., 2007). No other targets were previously identified. 
 In our initial screening to identify sRNA regulators of the SPI1 T3SS, InvR was 
predicted to bind to the hilA 5’ UTR. In this chapter, we show that InvR is a direct sRNA 
regulator of hilA translation, independent of other SPI1 feedforward regulators. InvR 
requires direct basepair interaction to repress hilA interaction. However, InvR binds far 
upstream from the ribosome binding site (RBS) of hilA. Moreover, InvR binding to the 
hilA 5’ UTR does not induce degradation of the hilA mRNA. Instead, we suggest that 
InvR causes translational inhibition, presumably via changing the structure of the mRNA. 
We also propose the physiological role of InvR as a feedback sRNA regulator of SPI1 
activation between HilD and HilA. Further analyses will elucidate both the exact 
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mechanism of the InvR-mediated regulation of hilA translation and the physiological role 
of InvR in SPI1 regulation.  
 
Figure 6.1. Genetic model of the regulation of SPI1 T3SS by InvR. Simplified 
regulatory model of the SPI1 T3SS and related regulators. Blue lines indicate 
transcriptional regulation, green lines indicate regulation at the protein level, red lines 
indicate regulation at posttrascriptional level. Dotted lines indicate that the exact 




InvR is a direct sRNA regulator of hilA translation 
InvR is a Salmonella specific sRNA encoded in the SPI1 locus (Pfeiffer et al., 
2007). InvR was predicted to bind the hilA mRNA in our initial bioinformatic analysis 
(Table 3.1). First, we tested whether overexpression of InvR affects hilA expression. We 
cloned invR from Salmonella Typhimurium strain 14028 into the pBRplac vector, and 
introduced the plasmid into Salmonella trains containing either a hilA’-‘lacZ or hilD’-
‘lacZ translational fusion. Overexpression of InvR caused a ~2-fold decrease in 
expression of the hilA’-‘lacZ fusion (Figure 6.2.A). Based on the feedforward loop model 
of the key SPI1 regulators that activate hilA expression, we reasoned that InvR could 
decrease hilA expression directly and/or by affecting an upstream regulator (Ellermeier et 
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al., 2005). However, we did not observe any significant effect of InvR overexpression on 
expression of the hilD’-‘lacZ fusion (Fig 6.2.B). Similarly, we also tested the effect of 
InvR on translational fusions to all of SPI1 regulators in E. coli (Ellermeier et al., 2005). 
We also created a PBAD-ompD’-‘lacZ in E. coli as a control (Pfeiffer et al., 2007). 
Overexpression of InvR decreased expression of both PBAD-ompD’-‘lacZ and PBAD-hilA-
‘lacZ fusions, but had no effect on the PBAD-hilD’-‘lacZ, PBAD-hilC’-‘lacZ, or PBAD-rtsA’-
‘lacZ fusions in E. coli (Figure 6.2.C and D). Thus, we concluded that InvR affects hilA 
expression directly, independent of any of the regulators in the SPI1 feedforward 





Figure 6.2. Continued 
Figure 6.2. InvR downregulate SPI1 expression by repressing hilA translation. β-
galactosidase activity in Salmonella strains containing the (A) hilA’-‘lacZ and (B) hilD’-
‘lacZ translational fusion and plasmids overexpressing InvR grown in SPI1 inducing 
conditions. β-galactosidase activity in E. coli strains containing (C) PBAD-hilA’-‘lacZ, (D) 
PBAD-hilD’-‘lacZ , (E) PBAD-hilC’-‘lacZ, (F) PBAD-rtsA’-‘lacZ or (G) PBAD-ompD’-‘lacZ 
translational fusion and plasmids overexpressing PinT grown in the presence of 100 μM 
IPTG and 0.001% arabinose to induce the sRNA expression and the fusion lacZ protein 
expression, respectively. β-galactosidase activity units are defined as (μmol of ONP formed 
min–1) × 106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation 
where n = 3. Strains used: KK0201, KK0225, KK0249, KK0405, KK0411, KK0413, 
KK0418, KK1002 through KK1008. 
 
InvR directly basepairs with the hilA 5’UTR 
 Our initial base pairing prediction suggests that InvR nts 1 to 14 basepair with 
hilA mRNA nts -131 to -145 relative to the AUG initiation codon (Figure 6.3.A). This 
base pairing site in the hilA 5’ UTR is far upstream from the ribosome binding site (RBS) 
and is, therefore, noncanonical (Bouvier et al., 2008, Storz et al., 2011, Azam & 
Vanderpool, 2018, Papenfort et al., 2010, Balbontin et al., 2010). We investigated 
whether this base pairing prediction is required for the InvR-mediated regulation of hilA 
expression (Figure 6.3.B). When we mutated either of the boxed regions of InvR in the 
base pairing site (InvR-mt1 or InvR-mt2), the InvR mutants could no longer repress the 
wild-type hilA’-‘lacZ fusion in E. coli. Introducing compensatory mutations at hilA 
respectively restored the regulation by each of the InvR mutants (Figure 6.3.B). 
Interestingly, when we introduced the compensatory mutations at the base pairing site of 
hilA 5’ UTR, the basal levels of lacZ expression in each of the mutants was significantly 
decreased, presumably due to altered stability or expression of the hilA mRNA itself. 






Figure 6.3. InvR regulates hilA translation by direct base-pairing interaction. A. 
Predicted base-pairing interactions between InvR and hilA mRNA. For hilA, nucleotides 
are numbered from the translational start site. Boxes mark nucleotides for which 
complementary mutations were created in PBAD-hilA’-’lacZ in  E. coli and pInvR. B and C. 
β-galactosidase activity in E. coli strains containing the wild type (B) or two mutated (C) 
hilA’-‘lacZ translational fusion and plasmids overexpressing either the wild type (pInvR) 
or tw mutated (pInvR-mt1 or pInvR-mt2) sRNAs grown as indicated in Figure 3A. β-
galactosidase activity units are defined as (μmol of ONP formed min–1) × 106/(OD600 × ml 
of cell suspension) and are reported as mean ± standard deviation where n = 3. Strains used: 
KK0413, KK0418, KK1009, KK1010, KK0948 through KK0953. 
 
 
The downstream sequence element of the InvR binding site in the hilA 5’ UTR is 
also required for the InvR-mediated regulation of hilA translation 
 InvR represses hilA translation via direct basepairing interaction. However, InvR 
binds 130 nts upstream from the AUG initiation codon, and the distance between the 
InvR binding site and the RBS is too far to directly occlude ribosome binding. To 
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investigate the mechanism of InvR-mediated regulation of hilA expression, we first 
introduced the rne131 mutation of RNase E into Salmonella hilA’-‘lacZ strain. Although 
hilA expression was significantly increased in the rne131 background, we observed no 
significant difference in the level of InvR-mediated regulation compared to the wild-type 
(Figure 6.4). Thus, InvR binding to the hilA 5’ UTR results in translational inhibition 
rather than degradation of the mRNA. We presume that this translational inhibition is 
achieved by a non-canonical mechanism in that the InvR binding to the hilA 5’ UTR 
changes the secondary structure of the downstream region of the InvR binding site to 
occlude the ribosome binding.  
 
 
Figure 6.4. Mechanism of InvR regulation of hilA translation in Salmonella. β-
galactosidase activity in Salmonella strains containing the hilA’-‘lacZ translational fusion 
in either wild type (A) or rne131 (B) background and either the empty vector or plasmid 
overexpressing InvR grown in SPI1 inducing conditions. β-galactosidase activity units are 
defined as (μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) and are 
reported as mean ± standard deviation where n = 3. Strains used:, KK0413, KK0418, 
KK1016, and KK1035. 
 
To test this hypothesis, we defined the region required for InvR-mediated hilA 
translational repression. We created a series of hilA 5’ UTR truncation mutations as 
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shown in figure 6.5A. Successive deletions of 65 nt were made between the start site of 
transcription and 30 nt upstream of the AUG initiation codon of hilA from each direction. 
We tested the effect of InvR overexpression on each of the hilA 5’ UTR truncation 
mutants. All of the mutants that removed the region upstream of the InvR binding site 
were still regulated by overexpression of InvR (Figure 6.5B). Any deletion that removed 
InvR binding site (L4 or R2 through R4) were no longer regulated by overexpression of 
InvR. However, the R1 truncation mutant, in which the region downstream of the InvR 
binding site (-95 to -30 of hilA 5’ UTR) was removed, is not regulated by InvR 
overexpression (Figure 6.5B). This suggests that the downstream region between the 
InvR binding site and the RBS of hilA is required for the InvR-mediated regulation of 
hilA translation.  
 To further define the minimal region between the InvR binding sites and the RBS 
that is required for InvR regulation, we created a series of truncation mutations focused 
on -126 to -26 nt from the AUG initiation codon (Figure 6.6A). This series of mutants 
contained successive deletions of 20 nts in this region. In comparison to the effect on the 
wild-type hilA’-‘lacZ fusion, overexpression of InvR does not regulate hilA translation in 
mutant hilA’-‘lacZ fusions in which -66 to -46 or -46 to -26 regions are deleted (20-4 or 
20-5 respectively), but deletion of nts from -126 to -66 did not significantly affect 
regulation. (Figure 6.6B). Altogether, our data suggest that InvR binding at -131 to -145 
in the hilA mRNA induces inhibition of hilA translation of the region from -66 to + 30 nt 




InvR binding to the hilA 5’ UTR induces structural rearrangement to occlude 
ribosome binding 
 It is possible that the region containing the ribosome binding site (RBS) is also 
crucial for the regulation by InvR. To test this possibility, we generated various 
constructs changing the sequence between -25 and +30 relative to the AUG in hilA 
(Figure 6.7.A). We observed that -155 to +30 region of hilA 5’ UTR (L3 truncation 
mutation of PBAD-hilA’-‘lacZ fusion) is sufficient to be regulated by InvR, therefore, this 
fusion is used as the basis. First, we deleted all the coding region from +4 to +30. This 
hilA’-‘lacZ fusion, designated ATG, was still regulated by overproducing InvR (Figure 
6.7.A). This shorter hilA’-‘lacZ fusion was the basis for future constructs. We then 
changed the hilA RBS to the lacZ RBS or replaced the entire 20 nts of hilA from the 
initiation AUG to the 20 nts with the corresponding region of lacZ (lacZ-RBS or lacZ-20 
mutants, respectively, in Figure 6.7.A). When we swapped the hilA RBS with that of lacZ 
(lacZ-RBS), we only observed slight repression by overexpression of InvR, compared to 
the ~3-fold repression in the original hilA’-‘lacZ fusion. The construct containing the 
entire 20 nts of lacZ (lacZ-20), including the RBS, lost regulation from overexpression of 
InvR (Figure 6.7.B).  
Based on our truncation analyses of the hilA 5’ UTR, the region between -60 and 
+3 of the hilA mRNA seems crucial for the translational repression by InvR binding, 
presumably creating an inhibitory structure for ribosome binding. We performed a 
secondary structure analysis of -151 to +3 of hilA using M-fold (Zuker, 2003). This 
region contains both the InvR binding site and the region downstream that is required for 
the regulation. We found a putative stem-loop structure that includes the ribosome 
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binding site, presumably induced upon InvR binding to the hilA mRNA (Figure 6.8). To 
test whether the predicted stem-loop is genetically relevant to InvR-mediated inhibition 
of hilA translation, we introduced mutations that disrupt the predicted stem-loop at the 
hilA RBS (Figures 6.7.B and 6.8). In this RBS mutant, overexpression of InvR no longer 
conferred any regulatory effect on hilA expression (Figure 6.8). Therefore, we concluded 
that the nucleotides between -60 and +3 could form an alternative structure when InvR 
binds at -131 to -145 of hilA 5’ UTR, and this alternative stem-loop structure could block 
ribosome binding to RBS. 
To test whether InvR binding to the hilA 5’ UTR induces any structural change to 
repress translation, we are performing RNA-footprinting assays. When InvR and purified 
Hfq were incubated with P32-radiolabelled hilA, we detected a protection corresponding 
to the InvR binding site at the -131 to -145 in hilA (Figure 6.9.A). Also, overall structure 
of the downstream region of hilA from the InvR binding site was apparently rearranged 
upon addition of InvR and Hfq, especially near at the region of -60 to +3 (Figure 6.9.B). 
However, the resolution of the sequencing gel in figure 6.9 is not ideal, so we are 
currently optimizing the conditions to obtain better results.  
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Figure 6.5. Regions of the hilA 5’UTR required for InvR-mediated repression. A. 
Schematic representation of the truncation mutants of hilA 5’UTR. Every 65 nts are deleted 
between transcription start site and -30 nt from the initiation AUG and downstream region 
containing -30 to +30 of hilA are fused in frame to lacZ. All truncation mutations are 
generated in both directions. B. β-galactosidase activity in E. coli containing different 
truncation mutants of PBAD-hilA’-’lacZ and the plasmid overexpressing InvR grown in the 
presence of 100 μM IPTG and 0.001% arabinose to induce the sRNA expression and the 
fusion lacZ protein expression, respectively. β-galactosidase activity units are defined as 
(μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) and are reported as 






Figure 6.6. Downstream region of the InvR binding sites is required for the InvR-
mediated repression of hilA translation.  A. Schematic representation of the truncation 
mutants of hilA 5’UTR. Every 20 nts between -126 to -26 from the initiation AUG are 
deleted and the hilA truncated fragment are fused in frame to lacZ. B. β-galactosidase 
activity in E. coli containing different truncation mutants of PBAD-hilA’-’lacZ and the 
plasmid overexpressing InvR grown in the presence of 100 μM IPTG and 0.001% 
arabinose to induce the sRNA expression and the fusion lacZ protein expression, 
respectively. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 




Figure 6.7. The regions containing the hilA RBS is necessary for InvR-mediated 
translational repression of hilA. A. Schematic representation of the truncation mutants 
of hilA 5’UTR. Every 65 nts are deleted between transcription start site and -30 nt from the 
initiation AUG and downstream region containing -30 to +30 of hilA are fused in frame to 
lacZ. All truncation mutations are generated in both direction. B. β-galactosidase activity 
in E. coli containing different truncation mutants of PBAD-hilA’-’lacZ and the plasmid 
overexpressing InvR grown in the presence of 100 μM IPTG and 0.001% arabinose to 
induce the sRNA expression and the fusion lacZ protein expression, respectively. β-
galactosidase activity units are defined as (μmol of ONP formed min–1) × 106/(OD600 × ml 
of cell suspension) and are reported as mean ± standard deviation where n = 3. Strains used: 




Figure 6.8. Secondary structure of the hilA 5’UTR and a model of InvR-mediated 
structural change of the UTR. Secondary structures of the hilA -151 to +3 region is 
predicted by using Mfold prediction program (Zuker, 2003). Green colored nucleotide 
sequences are InvR-binding site, Red colored nucleotide sequences are ribosome binding 
site (RBS), and blue colored nucleotide sequences are initiation AUG. Upon InvR binding, 
-60 to + region could form an alternative structure to mask RBS. mt-RBS mutation 






Figure 6.9. Footprinting maps InvR binding site and structural change on hilA RNA. 
In vitro transcribed hilA RNA -350 to +30 (relative to the AUG initiation codon) was end 
labeled with 32P and incubated with and without unlabeled InvR and Hfq to perform 
footprinting reactions. Samples were treated as follows: ‘T1,’ RNase T1; ‘OH,’ alkaline 
ladder; ‘PbAc,’ lead acetate. Positions of G residues are relative to the AUG initiation 
codon and indicated to the left of each gel image. Positions of the RBS and the InvR binding 
site are indicated to the side of each image. (A) A representative short running sequencing 
gel containing the InvR binding site. (B) A representative long running sequencing gel 




Potential feed-back regulation of HilD to HilA through InvR 
 HilD was reported to control invR expression (Pfeiffer et al., 2007).  We 
confirmed HilD-dependent invR expression using an invR’-lacZ+ fusion (Figure 6.10.A). 
Considering the role of HilD to activate hilA and invR expression, we assume that InvR 
regulates hilA translation under SPI1 inducing or related conditions as a feedback control. 
We created a deletion mutation of invR or ompD in either the hilD’-‘lacZ or hilA’-‘lacZ 
fusion strains. Deletion of invR increased hilA’-‘lacZ expression under SPI1-inducing 
conditions; there was no effect on hilD expression. This effect is independent of OmpD, a 
known target of InvR (Figure 6.10.B). Thus, we found that under SPI1 inducing 
conditions, InvR represses hilA translation, providing feedback regulation between HilD 
and HilA. 
 
Figure 6.10. Feedback inhibition of InvR on hilA translation. A. β-galactosidase 
activity in Salmonella strains containing a invR’-lacZ+ transcriptional fusion in wild-type, 
∆hilD or ∆hilA background. B and C. β-galactosidase activity in Salmonella strains 
containing (B) hilD’-’lacZ or (C) hilA’-’lacZ translational fusion in wild-type, ∆invR or 
∆ompD background grown in SPI1 inducing conditions. β-galactosidase activity units are 
defined as (μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) and are 








Impact of InvR on Salmonella virulence in mice 
Deletion of invR increased hilA expression significantly under SPI1 inducing 
conditions. To examine the potential role of InvR during infection, we used oral mouse 
competition assays (dependent on the SPI1 T3SS), and intraperitoneal (i.p.) infection 
(bypassing the need for SPI1). In oral infection, the ΔinvR strain competed equally with 
the invR+ strain in the spi1+ background in the intestine, suggesting that any effects on 
SPI1 expression are too subtle to be detected in this assay (Table 6.1). However, the 
ΔinvR mutant significantly outcompeted the wild type during systemic infections based 
on CI values in spleen samples after either oral or i.p. infections. This effect is 
presumably SPI1 independent and is perhaps dependent on other target genes of InvR 
such as ompD. Further analyses are required to understand these results. 
Strain Aa Strain Ba Infection Routedb Organ
b CIc p-valued # of Mice 
ΔinvR WT 
i.p. Sp 2.00 0.08 5 
Oral 
SI 1.03 NS 5 
Sp 4.01 0.01 5 
Table 6.1. Competition assay in mice. aThe strains used were JS749, JS2358, JS2359 and 
JS2360. bBacteria were recovered from the spleen (Sp) after intraperitoneal (i.p.) infections 
or from the small intestine (SI) and spleen after oral infection. cThe competitive index (CI) 
was calculated as described in Materials and Methods. dThe Student t test was used to 




 In this chapter, we investigated the functions and mechanism of InvR-mediated 
regulation of hilA expression. InvR is one of the sRNA encoded in the SPI1 locus, and 
initially predicted to interact with the hilA 5’ UTR (Table 3.1.C). InvR binds the hilA 5’ 
UTR from -144 to -131 nts from the AUG start codon leading to translational repression 
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(Figure 6.3). the region between -60 and +3 from the initiation AUG is also required for 
the InvR-mediated regulation of hilA translation (Figure 6.6 and 6.7). We propose that 
InvR binding at the hilA 5’ UTR induces a structural change in the region that forms a 
structure that inhibits translation. Results from our initial in vitro RNA structural analysis 
using RNA footprinting with or without InvR/Hfq are consistent with both direct binding 
and downstream structural changes. Further genetic and molecular experiments are 
required to refine and confirm our model. 
 We observed ~2-fold increase of hilA expression in deletion of invR under SPI1 
inducing condition (Figure 6.8.C). The expression of InvR is primarily HilD-dependent, 
and HilD is also the major activator of hilA expression (Figure 6.8.A) (Pfeiffer et al., 
2007). We assume that either inappropriate activation or overactivation of hilA 
expression could be repressed by InvR acting at posttranscriptional level (Figure 6.1). 
Alternatively, OmpD could play a role in the InvR-mediated regulation of hilA 
translation, but we did not observe any effects on hilD or hilA expression in the DompD 
background. OmpD is known to affect both physiology and pathogenesis including the 
virulence phenotype in mouse infections, adherence, and influx of hydrogen peroxide and 
hypochlorous acid in Salmonella (Santiviago et al., 2003, Santiviago et al., 2002, Aguayo 
et al., 2015, Ipinza et al., 2014). Alterations in OmpD expression could explain the 
systemic virulence phenotype that we observed in the invR deletion. 
Recently, the Voigt group created a simplified SPI1 T3SS expression system 
using two plasmids under artificial promoters (Song et al., 2017). In this work, the 
functional SPI1 T3SS was not expressed in a chromosomal ΔprgH-orgC and ΔinvH-spaS 
background. They also observed increased levels of GroEL in this experimental 
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condition. The inability to express the SPI1 T3SS was alleviated by introducing InvR into 
the plasmid system or by deleting ompD from the chromosome. These modifications also 
alleviated accumulation of GroEL. This suggests that InvR can control the level of OmpD 
in relation to level of the SPI1 apparatus. Further analysis regarding the correlation 
between OmpD and SPI1 activation could reveal a novel mechanism driven by InvR.  
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Chapter 7: Posttranscriptional regulation mediated through the hilD 3’ UTR 
Introduction 
In bacteria, the 3’UTR of mRNAs often harbors a transcriptional terminator that 
contributes to RNA stabilization, preventing degradation by exonucleases (Guarneros et 
al., 1982, Abe & Aiba, 1996, Mott et al., 1985). More rarely, the 3’UTR is a reservoir of 
sRNAs that regulate the encoding mRNA or other target mRNAs (Chao et al., 2012, 
Eisenhardt et al., 2018, Chao & Vogel, 2016, Ren et al., 2017). The hilD mRNA contains 
a short 5’ UTR (35 nt) and an usually long 3’UTR (310 nt). Translational efficiency of 
the hilD mRNA is regulated via the 5’ UTR by both sRNAs and the RNA-binding 
protein, CsrA (Martinez et al., 2011, Kim et al., 2019). Moreover, the hilD 3’UTR is 
known to affect hilD mRNA turn over and the RNA degradosome is involved in 
controlling the stability of the message via the 3’UTR (Lopez-Garrido et al., 2014). Gre 
factor has also been implicated in proper expression of the SPI1 T3SS via the hilD 
3’UTR (Gaviria-Cantin et al., 2017). Lastly, Spot42 increases hilD expression in a 
3’UTR-dependent manner (El Mouali et al., 2018). Although several protein regulators 
and a sRNA are known to affect hilD expression via the 3’UTR, the mechanisms for this 
regulation is still unclear. In this chapter, we investigated the functional role of the hilD 
3’UTR in SPI1 regulation. We show that the hilD 3’ UTR acts as a negative regulator of 
hilD mRNA stability and that RNase E (or the RNA degradosome) is involved in this 
regulation. We also suggest that SdsR is a direct sRNA regulator that positively affects 





hilD 3’UTR serves as a negative regulator of hilD mRNA 
 The SPI1 T3SS can cause a growth defect when the system is overactivated 
(Sturm et al., 2011). Our previous data showed that deletion of the hilD 3’UTR causes a 
growth defect, partially due to overactivation of the system via HilD (Ellermeier and 
Slauch, unpublished). We hypothesized that the hilD 3’UTR functions as negative 
regulatory element affecting hilD mRNA stability. We initially tested whether the hilD 
3’UTR affects hilA expression. When we measured expression of a hilA’-lacZ+ 
transcriptional fusion strain in which the 3’UTR of hilD was deleted, hilA expression 
increased more than 14-fold in comparison to the wild-type (3’UTR+) background 
(Figure 7.1.B). We hypothesized that the increase in hilA expression is due to 
overproduction of HilD caused by loss of the 3’UTR; the 3’UTR would contribute to the 
stability of the hilD mRNA.  
To test the contribution of the hilD 3’UTR to overall stability of the message, we 
created a series of hilD’-lacZ+ transcriptional fusions in Salmonella (Figure 7.1.A and 
Figure 2.2.B). In these transcriptional lacZ fusions, lacZ is inserted at 90, 180, or 270 nts 
downstream of the hilD stop codon. The latter fusion represents insertion of lacZ just 
prior to the intrinsic transcriptional terminator. Deletion of the hilD 3’UTR increased 
expression of the hilD’-lacZ+ fusion ~100-fold compared to the full length (3’UTR+) 
hilD’-lacZ+ fusion (Figure 7.1.C). Moreover, increasing the length of the 3’UTR in the 
+90 or +180 fusion progressively decreased expression. Thus, we concluded that the hilD 
3’UTR can function as a negative regulator of hilD, presumably by affecting the stability 




Figure 7.1. Characterization of hilD’-lacZ+ 3’UTR fusion. A. Schematic representation 
of hilD locus and lacZ insertion points are marked as arrow. B. β-galactosidase activity in 
Salmonella strains containing hilA’-lacZ transcriptional fusion in wild-type(3’UTR+) or 
Δ3’UTR background in SPI1 inducing condition. C. β-galactosidase activity in Salmonella 
strains containing various hilD’-lacZ+ transcriptional fusion derivatives in which different 
hilD region is fused to lacZ grown in SPI1 inducing conditions. β-galactosidase activity 
units are defined as (μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) 
and are reported as mean ± standard deviation where n = 3. Strains used: JS749, JS2351, 
KK0955, KK1156 through KK1159. 
 
The sRNA SdsR is a positive regulator of hilD expression acting via the 3’UTR, and 
also a repressor of rtsA expression 
 In our initial screening of sRNAs (Chapter 3), we identified several sRNAs that 
increased hilA expression, but appeared to act indirectly (Figure 3.5).  We reasoned that 
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these sRNAs could increase hilA expression by stabilizing the hilD mRNA via the 
3’UTR. We tested this hypothesis using the 3’UTR hilD’-lacZ+ fusions. Spot42 was 
previously found to positively affect hilD expression via the hilD 3’UTR (El Mouali et 
al., 2018) and thus served as a positive control. Overproduction of Spot42 in hilD’-lacZ+ 
3’UTR+ fusion strain led to an ~2-fold increase in expression. Overexpression of SdsR 
caused a 2.6-fold increase in expression of hilD’-lacZ+ 3’UTR+ fusion. These effects 
were not observed in the hilD’-lacZ+ 3’UTR- fusion (Figure7.2). Among the negative 
sRNA regulators of hilA (Figure 3.4), we tested the possible regulatory effects of 
overexpressing RybB, and observed a slight decrease in hilD’-lacZ+ 3’UTR+ fusion 
(Figure7.2). Therefore, we concluded that both SdsR and Spot42 are positive sRNA 
regulators of hilA expression acting via the hilD 3’UTR.   
 To further analyze the role of SdsR in control of SPI1 activation, we tested 
whether SdsR affects expression of other SPI1 regulators. Based on the feed forward loop 
model of hilA activation, it is possible that SdsR increases hilA’-‘lacZ expression directly 
and/or by controlling HilD, HilC, and/or RtsA (Ellermeier et al., 2005). Indeed, it has 
been shown that SdsR represses rtsA expression (Frohlich et al., 2016). In order to 
elucidate the regulatory mechanism of SdsR in hilA expression, we tested the effect of 
SdsR on translational fusions to all the SPI1 regulators (Kim et al., 2019). Consistent 
with our hypothesis, overexpression of SdsR increases hilA’-‘lacZ ~5-fold with no 
significant effect on hilD’-‘lacZ 5’UTR translational fusion in Salmonella (Figure 7.3.A 
and B). Overproducing SdsR did not affect expression of the PBAD-hilA’-‘lacZ fusion in 
E. coli (Figure 7.3.E). Moreover, overexpression of SdsR did not affect expression of the 
PBAD-hilC’-‘lacZ fusion (Figure 7.3.F). However, overproducing SdsR did cause an ~3-
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fold decrease in PBAD-rtsA’-‘lacZ fusion expression, consistent with a previous study 
(Figure 7.3.G) (Frohlich et al., 2016). Thus, SdsR increases transcription of hilA, while 
decreasing translation of RtsA. RtsA is also a transcriptional regulator of hilD. To 
address the relative effects of SdsR acting on the hilD 3’UTR and controlling RtsA 
levels, we tested the effect of SdsR on expression of the hilD’-lacZ+ 3’UTR+ fusion in 
either the wild-type or a DrtsA background. In figure 7.3.C and D, SdsR caused an ~6-
fold increase in expression of the hilD’-lacZ+ 3UTR+ fusion in the absence of RtsA, 
compared to a 3.4-fold increase in the rtsA+ background. Therefore, we conclude that 
SdsR has a positive effect on hilD expression via the 3’ UTR while negatively regulating 
rtsA expression.  
 
Figure 7.2. sRNAs affects expression of hilD’-lacZ+ fusion via the 3’UTR. β-
galactosidase activity in Salmonella strains containing various hilD’-lacZ+ 3’UTR+ (A) or 
Δ3’UTR (B) fusion and plasmids overexpressing each sRNA grown in SPI1 inducing 
conditions. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 







Figure 7.3. SdsR increases hilD expression via the 3’UTR.(A-D) β-galactosidase 
activity in Salmonella strains containing the (A) hilA’-‘lacZ and (B) hilD’-‘lacZ 
translational fusion or (C) hilD’-lacZ+ 3’UTR+ and (D) 3’UTR- transcriptional fusion and 
plasmids overexpressing SdsR grown in SPI1 inducing conditions. (E-G) β-galactosidase 
activity in E. coli strains containing (E) PBAD-hilA’-‘lacZ, (F) PBAD-hilC’-‘lacZ and (G) 
PBAD-rtsA’-‘lacZ translational fusion and plasmids overexpressing SdsR grown in the 
presence of 100 μM IPTG and 0.001% arabinose to induce the sRNA expression and the 
fusion lacZ protein expression, respectively.β-galactosidase activity units are defined as 
(μmol of ONP formed min–1) × 106/(OD600 × ml of cell suspension) and are reported as 
mean ± standard deviation where n = 3. Strains used: KK0225, KK0249, KK0279, KK0301, 
KK0413, KK0446, KK1005, KK1007, KK1120, KK1123, KK1125, KK1133, KK1134, 
KK1161 through KK1163. 
 
Defining the minimal region of the hilD 3’UTR required for the regulation by SdsR 
 We further defined the minimal region of the hilD 3’UTR that is regulated by 
SdsR-mediated regulation. We introduced the plasmid overexpressing SdsR into all of the 
hilD’-lacZ+ 3’UTR fusions and measured the effect on each (Figure 7.4). We observed 
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that the shorter fusion, which contains only the first 90 nt from the hilD stop codon, was 
sufficient to be regulated by overproducing SdsR (Figure 7.4.C). Overexpression of SdsR 
slightly represses the hilD’-lacZ+ 3’UTR- fusion, presumably due to the regulatory effect 
of SdsR on rtsA translation (Figure 7.3.G and 7.4.D). Lastly, we utilized the 3’UTR 0 to 
90 nt region to predict a basepairing interaction with SdsR. Region 21 to 27 of SdsR is 
predicted to bind to region 69 to 75 of the hilD 3’ UTR (Figure 7.4.E). The SdsR region 
predicted to basepair with the hilD 3’ UTR also directly basepairs with the ompD mRNA 
(Frohlich et al., 2012). Further analysis is required to prove this interaction. 
 
Figure 7.4. SdsR increases E and RNA-chaperones regulates hilD expression via the 
3’UTR.(A-D) β-galactosidase activity in Salmonella strains containing various hilD’-
lacZ+ 3’UTR fusions and plasmids overexpressing SdsR grown in SPI1 inducing 
conditions. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 
n = 3. E. Base pairing prediction between SdsR and hilD 3’UTR. Nucleotide position ‘0’ 
on hilD 3’UTR is designated from stop codon of hilD. Strains used: KK1120, KK1123, 
KK1126, KK1129, KK1135 through KK1138. 
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Contribution of RNA-chaperones and ribonucleases (RNases) to regulation of hilD’-
lacZ+ 3UTR fusion 
 It has been shown that both RNase E and RNA-chaperones are involved in the 
stability of hilD mRNA acting via the 3’UTR (Lopez-Garrido et al., 2014). To test 
whether either RNase E or RNA-chaperones affect the stability of the hilD message, we 
examined the effects of Dhfq, DproQ, or rne131 mutations as shown in figure 7.6. The 
rne131 mutation caused a ~3-fold increase in expression of the hilA’-‘lacZ fusion and a 
~5-fold increase in expression of the hilD’-lacZ+ 3’UTR+ fusion. The rne131 mutation 
also causes a ~1.5-fold increase in expression of the hilD’-‘lacZ (5’UTR) fusion. 
Considering the autoregulation of hilD expression, this ~1.5-fold increase would 
contribute to the ~3-fold increase in the hilA expression. However, it is possible that the 
increase in hilA expression by the rne131 mutation is sum of the effects on the 5’UTR 
and 3’UTR of hilD. Deletion of proQ causes a slight decrease (~2-fold) in hilD’-lacZ+ 
3’UTR+ fusion, resulting in ~2.5-fold decrease in hilA’-‘lacZ fusion (Figure 7.5.C). 
However, we also observed  that deletion of hfq conferred ~2-fold decrease in hilD’-
lacZ+ 3’UTR fusion, but not in hilA’-‘lacZ fusion in Salmonella. This is probably due to 
the pleotropic effects of Hfq that affect either stability of the hilD 3’UTR or the hilA 








Figure 7.5. RNase E and RNA-chaperones regulates hilD expression via the 3’UTR. 
β-galactosidase activity in Salmonella strains containing the (A) hilA’-‘lacZ and (B) hilD’-
‘lacZ translational fusion or (C) hilD’-lacZ+ 3’UTR+ and (D) 3’UTR- transcriptional 
fusion in the wild type, ΔproQ, rne131, or Δhfq background grown  grown in SPI1 inducing 
conditions. β-galactosidase activity units are defined as (μmol of ONP formed min–1) × 
106/(OD600 × ml of cell suspension) and are reported as mean ± standard deviation where 
n = 3. Strains used: JS892, KK1140, JS2118, JS2119 JS2333, JS2335, KK1141, KK1142, 




Recent advances in global transcriptomic analyses has enabled the discovery of 
long 3’UTRs in many bacterial species (Chao et al., 2012, Chao & Vogel, 2016, 
Holmqvist et al., 2018, Holmqvist et al., 2016, Kroger et al., 2012, Kroger et al., 2013). 
Long 3’UTRs modulate overall stability of the mRNA being acted on by RNA-binding 
proteins and exonucleases (Chao et al., 2012, Holmqvist et al., 2018, Holmqvist et al., 
2016).  These 3’UTRs can also be processed to generate sRNAs that regulate the 
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encoding mRNA or other RNAs (Ruiz de los Mozos et al., 2013, Chao et al., 2012, Chao 
& Vogel, 2016, Eisenhardt et al., 2018). In the regulation of the SPI1 T3SS, most 
environmental signals and related indirect regulators feed into HilD at a post-
transcriptional level (Ellermeier & Slauch, 2007, Golubeva et al., 2012). The long hilD 
3’UTR is potentially a novel regulatory region by multiple mechanisms including RNA-
binding proteins, ribonucleases, and sRNAs. 
Using various in locus hilD’-lacZ+ 3’UTR transcriptional fusions, we have shown 
that the full-length 3’UTR maintains hilD’-lacZ+ expression at low levels, presumably 
affecting the stability of the message. Loss of the 3’UTR causes a significant increase 
(~100-fold) in expression. We also confirmed that RNase E contributes the stability of 
hilD mRNA via the 3’UTR. We assume that functional RNase E (or RNA degradosome) 
cleaves the hilD 3’UTR to affect the stability of the entire mRNA.  
We have also identified sRNA regulators that act at the hilD 3’ UTR. Among the 
sRNAs that we tested, overproduction of SdsR increased expression of the hilD’-lacZ+ 
3’UTR+ fusion ~2-3-fold. We originally identified SdsR as an indirect sRNA regulator 
that increases hilA expression significantly (Figure 3.5). The hilD 3’ UTR region between 
0 and 90 nt relative to the hilD stop codon is sufficient for SdsR-mediated regulation and 
we have identified a putative baseparing region.  It is interesting that SdsR seems to 
increase HilD expression while simultaneously repressing RtsA production.  We now 
know that HilD, HilC and RtsA form both homodimers and heterodimers (Narm, 
Kalafatis, and Slauch, unpublished), and it is very possible that different heterodimers 
could play subtly different roles at the various SPI1 promoters. SdsR could be 
intentionally altering the relative ratio of the three activators to regulate the system.  
 155 
Further genetic analyses are required to understand the molecular functions of the 3’ 
UTR and the role of SdsR in SPI1 regulation.  
 
Figure 7.6. Genetic model of the regulation of SPI1 T3SS at hilD 3’UTR. Simplified 
regulatory model of the SPI1 T3SS and related regulators. Blue lines indicate 
transcriptional regulation, green lines indicate regulation at the protein level, red lines 
indicate regulation at posttrascriptional level. Dotted lines indicate that the exact 
mechanism of regulation is not known and is likely indirect.    
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